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ABSTRACT
My research goal was to understand the role of membrane mechanical properties
(e.g. strength and stiffness) in the transport of water and salt through polymer-based thinfilm composite (TFC) membranes used for osmotic processes (OP). OP are membrane
processes in which the main driving force is a concentration difference of solute(s) in the
solutions in contact with the two sides of a semipermeable membrane. OP applications
may include removing water from products/contaminants, harvesting energy from salinity
gradients, and lowering costs of seawater desalination. The study system for my research
was a set of TFC reverse osmosis (RO) membranes designed for rejecting salts in
desalination. These TFC RO membranes have thick supporting layers (~150 μm), which
increases the diffusion pathway for salts within the membranes. This decreases the
effective salinity gradient between the two surfaces of the membrane active layer, which
ultimately decreases the process productivity (i.e., water flux). I aimed to provide
guidelines for the improved design of TFC membranes for OP, considering the trade-off
between membrane mechanical integrity and productivity.
My research approach comprised measurements and analysis of the individual
mechanical properties of the three polymeric layers (active, porous support, and backing)
that comprise TFC RO membranes, and correlation of these mechanical properties with
TFC membrane transport properties and performance in OP. Initially, I studied helically
coiled and multiwall carbon nanotubes as additives to create nanocomposite porous
supports with improved mechanical properties. The results support the idea that
increasing the mechanical stiffness of TFC membrane nanocomposite supports is an
effective strategy for enhancing water production in desalination operations. Secondly, I
ii

evaluated woven polyester mesh as a backing layer and analyzed the role of mesh
opening size on burst strength and mass-transfer resistance of TFC membranes used for
OP. The findings show that mass-transfer resistances in OP are an additive effect of the
multiple layers that compose a membrane and can be reduced by using more open (yet
functional) backing layers such as polyester woven mesh in place of standard nonwoven
mesh. Thirdly, I aimed to correlate the reduction in stiffness of the active layer with the
change in water permeance of five commercial TFC membranes after contact with five
different C1-C4 monohydric alcohols. The motivation was to explain the improvements
in water flux after alcohol contact, which is used to pre wet membranes before OP
operation. Correlation of results suggests that the mixing of water with the alcohols
facilitates penetration of the alcohols into the active layer, likely by disrupting inter-chain
hydrogen bonds, thus increasing the active layer free volume for water permeation.
Finally, I studied water and sodium chloride transport through TFC membranes that were
subjected to known degrees of mechanical strain. I demonstrated the importance of
knowing the stress-strain curve of the membrane and highlighted that stiffer membrane
structures are desirable to avoid reaching a strain above the reported onset fracture strain
of the selective layer. With this information, I introduced a deformability coefficient and
a solution-diffusion model with defects to guide the design of membranes and modules
for pressurized osmotic processes. In closing the dissertation, I provided
recommendations and research opportunities that I envision would improve TFC
membrane productivity in OP.
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CHAPTER ONE:
INTRODUCTION
1.1 Water-Energy nexus and osmotic processes
In 2014 the U.S. Department of Energy studied the production and usage of water
and energy within the U.S. [1]. The report shows the inextricable link between water and
energy production. Water and energy are used independently in all economic sectors;
however, operations like oil and gas extraction, public water supply, electricity
generation, and water treatment involve the production of either water or energy by using
the other resource [1]. Therefore, reducing the energy usage during water treatment and
enabling the generation of energy from renewable sources would decrease the
interdependence between water and energy, facilitating the production of both in areas
where one resource is more available than the other.
Membrane-based (and hybrid) technologies have been proposed or implemented
to achieve more efficient water and energy production [2–9]. Membrane filtration
processes for water treatment include microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO). The MF and UF processes achieve
separations based on the size of the particles to be separated; whereas, NF involves a
combination of size exclusion and rejection based on unfavorable interactions between
the membrane surface and the particles to be rejected [10]. These processes are useful to
filter particles such as biological cells, macromolecules like proteins, molecules like
sugars and pesticides, and multivalent salts [10]. RO is used for the removal of
monovalent salts from water like the case of seawater. In fact, more than 65% of the
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desalination operations in the world are achieved via RO processes, and 59% of these
operations use seawater as feed [7].
Membrane processes also have been proposed for the reduction of energy use and
the harvesting of renewable energy [4]. Processes to reduce energy usage include hybrid
systems that use solar power or microorganisms, coupled with membrane processes such
as pervaporation, membrane distillation, and RO to reduce the costs of water desalination
[4,5,11–13]. Another example is the use of membrane-based separations to lower the
energy costs associated with the purification of renewable biofuels [4]. Membrane
processes for energy production include those that harvest energy from naturally
occurring salinity gradients, like those generated by mixing low salinity (e.g. river) water
and high salinity (e.g. sea) water across a semipermeable membrane. One proposed
process is called reverse electrodialysis, which uses a series of intercalated anion- and
cation-exchange membranes to separate the ions in seawater and create an ion current
that is converted into electric current at the electrodes that enclose the membranes stack
[14,15]. Another process is called pressure-retarded osmosis (PRO) [16,17], which uses
a semipermeable membrane to achieve a water flux from the low salinity to the high
salinity side of the membrane. This flux of water can be used to fill a hydroelectric dam,
or to move a water turbine for the generation of electricity.
Some hybrid membrane processes reduce RO energy costs by combining this unit
operation with other membrane technologies, such PRO or forward osmosis (FO) [5,11–
13]. In the area of wastewater treatment, FO is a technology that aims to draw water from
hard-to-process contaminated waters by using a semipermeable membrane and a solution
with high osmotic pressure (e.g. seawater or RO brine). Some examples of contaminated
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wastewaters are oily water from oil and gas industry operations, water with high content
of heavy metals, and municipal wastewater [18,19].

Figure 1.1. Schematic illustration of the osmotic processes studied in this dissertation.

Figure 1.1 illustrates the mechanisms of RO, PRO, and FO. In this dissertation,
these processes are grouped into a common term called osmotic processes (OP). These
processes involve the diffusion of water through a semipermeable membrane that is
driven by a difference in osmotic pressure across the membrane. OP have been modeled
by the solution-diffusion model, in which the solution components partition into the
membrane, and transport occurs due to diffusion. The solution-diffusion model equation
(Eq. 1.1) is similar to Darcy’s law, which is used to describe flow through porous media
(e.g. porous membranes), however, these equations have different theoretical origins and
assumptions. Baker and coworkers have provided a comparison between these two
[10,20].
(1.1)

𝐽𝐽𝑤𝑤 = 𝐴𝐴(∆𝜋𝜋𝑚𝑚 − ∆𝑃𝑃)

Eq. 1.1 shows the basic expression of the solution-diffusion model, which

presents a linear dependency of the water flux (Jw) with the effective driving force (Δπm3

ΔP), through the semipermeable membrane. The effective driving force is the net
pressure from the counteracting osmotic pressure at the membrane surface (Δπm) and
hydrostatic pressure (ΔP). This model also includes a membrane property called the
water permeance (A, also called water permeability coefficient), which is defined as the
volume of water that crosses the membrane per time per unit area per unit driving force
(typically reported in L/m2 h bar, or LMH/bar). This solution-diffusion model assumes
that the membrane has a high selectivity, meaning that the flux of the solvent (water) is
considerably higher than the flux of the solute (salt) across the membrane. This
assumption also implies that osmotic equilibrium (Jw = 0) should be obtained when the
hydrostatic pressure approaches the osmotic pressure. For membranes with lower
selectivity, a reflection coefficient (σ) is added as a correction factor to estimate an
effective osmotic pressure (σ Δπm). In this dissertation, I worked with thin-film composite
(TFC) membranes with an active layer chemistry commonly used to fabricate highly
selective RO membranes, therefore it was assumed that σ = 1.
Figure 1.1 shows that the direction of the salt flux in RO is different than in PRO
and FO. In RO, water and salt go in the same direction, but water transport is
considerably faster than salt transport. Conversely, in PRO and FO water and salt counter
diffuse. RO is a filtration operation, whereas PRO and FO are mass-exchange processes.
This distinction becomes important when designing membrane cells and modules for
these processes, in which the membrane must be held in place by a spacer. Since the main
driving force is osmotic pressure in PRO and FO, the spacer must provide both
mechanical support to the membrane and facile diffusion of molecules within the
structure. Failure to provide the latter will lead to internal concentration polarization,
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which is discussed in more detail in Section 1.3.2. RO uses spacers with small opening
sizes called permeate carriers. The mechanical stresses to which RO membranes are
subjected during operation are mostly compressive. On the other hand, spacers with
larger opening sizes, like the ones used in PRO, will lead to a combination of
compressive and flexural stresses on the membrane during operation [21,22]. The goal of
this work was to understand the role of mechanical properties (e.g. strength and stiffness)
in the transport of water and salt through polymer-based TFC membranes used for OP.
The transport theory is discussed below for the three OP studied in this dissertation.
1.1.1 Forward osmosis
Forward osmosis has been investigated for large-scale water reuse, given its low
fouling propensity advantage over pressure-driven filtration like RO [11]. Another
commercial FO application has been personal hydration by means of osmotic water
filters. These filters allow users to produce a hydrating drink by “drawing” the water
from sources such as brackish water or sea water [23]. In both applications, FO relies on
a high concentration solution (e.g. salt brine) to create a water chemical potential gradient
that generates a water flux across the membrane. Figure 1.2 shows relative salt
concentration, pressure and water chemical potential profiles for both FO and RO at
steady-state in the solution-diffusion model. The concentrations of salt and water are
much lower inside the membrane; however, the transport of water is much faster than the
transport of salt, in part, because of the higher solubility of water within the membrane.
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Figure 1.2. Salt concentration, pressure and water chemical potential profiles in the case of forward
osmosis and reverse osmosis in the solution-diffusion model. Adapted from [10].

1.1.2 Reverse osmosis
Reverse osmosis involves the transport of a solvent (water) across a
semipermeable membrane from the high to the low solute (salt) concentration side. RO is
used commercially for the desalination of brackish water (typically ≤ 10,000 ppm of
dissolved salts) and seawater (≤ 36,000 ppm of dissolved salts) [10]. Since the osmotic
pressure of these waters is elevated due high solute concentration, the water chemical
potential must be increased to achieve a water flux opposite to the osmotic pressure
gradient (see Figure 1.2). This increase in water chemical potential is obtained by
increasing the pressure of the water to be desalinated. Typical operating pressures for
water desalination depend on the water source; for instance, pressure is around 15.5 bar
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for brackish water desalination [24] and as high as 55 bar for seawater desalination [25].
High operating pressures make water desalination via RO a process with high specific
energy consumption [11,26]. Nonetheless, RO is 5-10 times more energy efficient than
thermal desalination [27]. Factors other than solute concentration that affect the operating
pressure are membrane transport properties, membrane age, fouling and scaling,
membrane mechanical compaction [28,29], among others.
1.1.3 Pressure-retarded osmosis
Pressure-retarded osmosis is a technology that has been studied to harvest energy
from salinity gradients. Renewable energy can be harvested with this technology when
the salinity gradient occurs naturally, such as the mixing of river water and seawater. This
scenario is also called open-loop PRO, since the salinity gradient is created outside the
process (solar-powered water evaporation) [5]. Closed-loop PRO refers to harvesting of
energy from low-grade heat sources. In this case, the salinity gradient is obtained by
using the low-grade heat for evaporation. The solutions with different salinity are
contacted across the semipermeable membrane in a conventional PRO membrane
process. Research in open-loop PRO has focused on membrane design, whereas research
in closed-loop PRO has included studies on the types of solute used.
PRO requires an applied transmembrane pressure to harvest energy. The power
density (W, power per unit of membrane area) is equivalent to the product of water flux
and the applied pressure as shown in Eq. 1.2.
(1.2)

𝑊𝑊 = 𝐽𝐽𝑤𝑤 ∆𝑃𝑃 = 𝐴𝐴(∆𝜋𝜋𝑚𝑚 − ∆𝑃𝑃)∆𝑃𝑃

Figure 1.3 shows model-derived water flux and power density with respect to the
applied transmembrane pressure. It shows an example of the operating transmembrane
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pressure values and the resulting water flux and power density profiles for three OP
discussed in this dissertation. The ideal curve in Figure 1.3 assumes that the difference is
osmotic pressure between the solutions at the membrane surfaces is equal to the values in
the bulk, which is not the case due to detrimental concentration polarization (discussed
later in Section 1.3). The power density profile shows that, ideally, the maximum power
density obtained from PRO is achieved when the operating pressure is around half of the
osmotic pressure. For the case of seawater and river water, this value is around 15 bar;
therefore, membranes must still have sufficient mechanical strength to withstand high
operating pressures approaching those required to desalinate brackish water via RO [30].
Other noteworthy cases involve even greater salinity gradients, for example, using
seawater desalination brine (1.1 M sodium chloride), Great Salt Lake water, or Dead Sea
water as salty water sources [5].

Figure 1.3. Modeled water flux (Eqs. 1.1 and 1.2) and power density for PRO (Eq. 1.2) with respect to the
applied transmembrane pressure (ΔP). Conditions are A = 1 LMH/bar, Δπ = 29.7 bar (equivalent to 0.6M
NaCl). Dotted lines indicate an example real observation representing a fraction of the ideal values
(continuous line). Adapted from [5].
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1.2 Membrane state-of-the-art: Thin-film composite membrane
Early RO membranes were developed by Loeb and Sourirajan in the 1960s and
were made from different grades of cellulose acetate [31,32]. These membranes
possessed a low water permeance (< 0.3 LMH/bar) compared to current desalination
membranes (1.0 – 5.0 LMH/bar). The state-of-the-art RO membrane is the TFC
membrane originally developed by Cadotte [33]. A standard TFC RO membrane is
composed of three layers: the active layer, the porous support, and the nonwoven
backing. Other layers that might be present in commercial TFC membranes are a gutter
layer (highly permeable) between the active layer and the porous support, and a
protective coating on top of the active layer to minimize damage during handling [10]
and membrane fouling (detrimental active layer contamination).
Table 1.1 summarizes the characteristics of the main layers of a TFC membrane.
In the case of TFC RO membranes, polyester is used for the nonwoven backing,
polysulfone for the porous support, and a fully-aromatic cross-linked polyamide for the
active layer. The active layer is obtained by interfacial polymerization (IP) between
trimesoyl chloride (TMC) and m-phenylenediamine (MPD) [10,27,34,35]. IP is a widely
used technique in the development of membranes for different separations, usually by
changing the chemistry of the monomers [34]. Suitable porous supports for TFC
membranes can be ultrafiltration or microfiltration membranes [35]. The support alone
does not provide the selectivity required for RO or OP given its porous structure. The
role of the backing layer is to provide the required mechanical properties for the overall
TFC membrane structure.
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Table 1.1. Characteristics of the main layers found in a TFC RO membrane.
Flow
Mechanism
Common
Layer
Thickness
Fabrication
(Approx.
Chemistry
pore size)
Active
~150 nm
Diffusion
Fully-aromatic
Interfacial
(Estimated
crosslinked
Polymerization
<0.7 nm)
Polyamide
Porous
Support

~70 µm

Size
Exclusion
(<0.5 µm)

Nonwoven
Backing

~120 µm

Size
Exclusion
(>3 µm)

Polysulfone,
Polyehtersulfone,
Polyamide,
Polycarbonate,
Polyimide
Polyester,
Polyamide,
Polycarbonate,
Polypropylene

Purpose
Selectivity

Phase Inversion,
Track-etching,
Electrospinning,
among others

Permeable
substrate for
active layer

Spun bound
heat-bonded,
Electrospinning,
Stretching,
among others

Mechanical
Reinforcement

1.3 Concentration polarization
One major limitation of both RO and OP is concentration polarization (CP) [10].
Earlier, I showed equations that define the water flux (i.e., productivity of the process) in
terms of the difference in osmotic pressure at the surface of the membrane. However,
values at the surface of the membrane are different than those measured in the bulk of the
solutions in contact with the membrane. The reason for this deviation is the continuous
transport of water and salt, which changes the salt concentration profile in the region near
the membrane (i.e., CP). Therefore, a higher pressure is needed to achieve a desired flux
in the case of RO, or less energy can be harvested in a PRO process.
The effect of CP on transport historically has been modeled by boundary layer
models [10,36,37]. Figure 1.4 schematically illustrates the salt concentration profiles near
TFC membranes operating in RO and PRO modes. Three zones of CP can be observed in
both cases: two external zones at the surface of the membrane (from the bulk, subscript b,
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to the backing layer surface, subscript i; and from the bulk to the active layer surface,
subscript m), and one internal zone from the backing layer surface to the active layer
surface facing the porous support layer (also subscript m). The CP that occurs outside the
membrane is called external concentration polarization (ECP) and CP within the
membrane is called internal concentration polarization (ICP).
The extent of the ECP has been determined by assuming the formation of a
boundary layer between the membrane surface and the bulk solution, in which the mass
transport is diffusion limited [10,38]. The Sherwood number (Sh) is used to estimate the
quotient of convective mass transfer and diffusion, and for a rectangular channel is
calculated using Eqs. 1.3 or 1.4 depending on the flow regime. In these equations, Re is
the Reynolds number (Re = dhvρ/µ), Sc is the Schmidt number (Sc = µ/Dρ), L is the
length of the channel, dh is the hydraulic diameter of the rectangular channel, v is the
crossflow velocity, µ is the viscosity, ρ is the density of the solution, and D is the
diffusion coefficient of the solute in water. The mass-transfer coefficient (k) can be
estimated from the Sherwood number using Eq. 1.5. Subsequently, k is used in Eq. 1.6 to
estimate the quotient of the osmotic pressure at the surface of the membrane and the one
in the bulk (a.k.a. ECP modulus). From Eq. 1.6 it can be deduced that a high masstransfer coefficient reduces the detrimental effect of CP. A high mass-transfer coefficient
typically is obtained by operating in crossflow mode (i.e., flow direction is parallel to the
membrane surface) and by increasing the crossflow velocity.
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Figure 1.4. Salt concentration profile, near to a TFC membrane operating in RO (a) and PRO (b) mode,
modeled using a boundary layer model that accounts for both internal and external concentration
polarization [37]. Note that in RO the high salinity is in the feed, whereas in PRO it is in the pressurized
draw solution. The term feed commonly is used for the solution from which the water is recovered.

Sh = 1.85 �ReSc

𝑑𝑑ℎ 0.33
𝐿𝐿

�

(laminar flow)

Sh = 0.04Re0.75 Sc 0.33 (turbulent flow)
𝑘𝑘 =
𝜋𝜋𝑚𝑚
𝜋𝜋𝑏𝑏

Sh𝐷𝐷
𝑑𝑑ℎ

𝐽𝐽

(1.3)
(1.4)
(1.5)
(1.6)

= exp � 𝑘𝑘𝑤𝑤 �

On the other hand, ICP has been introduced into boundary layer models by
defining a diffusion coefficient through porous media (Ds). This Ds is assumed to be
proportional to the porosity of the media (ε) and inversely proportional to tortuosity (τ) of
the path from one surface to the other (i.e., Ds=Dε/τ). This coefficient is used in the
solution to Eq. 1.7 using the respective boundary conditions. In this equation, Js is the
salt flux across the membrane, c is the salt concentration, x is the binormal distance from
the membrane surface, and t is the thickness of the membrane. (The sign corresponds to
the membrane orientation with respect to the high concentration solution; in the case of
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PRO mode, the sign is positive.) Eq. 1.8 shows the ICP modulus as defined by
McCutcheon et al. [38] for FO mode (backing/support layers facing the high
concentration draw solution), but modified for PRO mode (active layer facing the draw
solution). The ICP modulus reveals that it is necessary to modify membrane structural
characteristics to minimize the detrimental effect of ICP (i.e., to attain an ICP modulus
close to 1). For example, ICP modulus can be lowered by decreasing the membrane
thickness or the tortuosity of its pores, or by increasing the membrane porosity. However,
decreasing membrane thickness or increasing membrane porosity using the same material
would decrease the load that the membrane can withstand without having a mechanical
failure when operating under pressure (i.e., stress).
𝑑𝑑𝑑𝑑

𝐽𝐽𝑠𝑠 = 𝐷𝐷𝑠𝑠 𝑑𝑑𝑑𝑑 − 𝐽𝐽𝑤𝑤 𝑐𝑐;
𝜋𝜋𝑚𝑚
𝜋𝜋𝑖𝑖

𝐽𝐽 𝑡𝑡

B.C. 𝑥𝑥 = 0, 𝑐𝑐 = 𝑐𝑐𝑖𝑖 ; 𝑥𝑥 = ±𝑡𝑡, 𝑐𝑐 = 𝑐𝑐𝑚𝑚
𝐽𝐽 𝑡𝑡𝑡𝑡

= exp � 𝐷𝐷𝑤𝑤 � = exp � 𝐷𝐷𝑤𝑤 𝜀𝜀 �
𝑠𝑠

(1.7)
(1.8)

My aim was to study the mechanical properties of the three individual TFC RO
membrane layers (active layer, porous support, and backing), and to correlate these
results with the transport properties of the overall TFC membrane and its performance in
RO and PRO.
1.4 Strategies to improve transport properties of TFC membranes for OP
As shown in the previous section, boundary layer models have been used to
describe the performance of TFC membranes in OP by including the detrimental effects
of concentration polarization. Elimelech and coworkers [36] developed models for water
and salt flux across the membrane that include external and internal CP (Eqs. 1.9 and
1.10). These equations rely on the membrane transport properties–namely, water
permeance (A), salt flux coefficient (B, also called salt reverse flux coefficient), and a
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parameter called the structural parameter (S) that bundles the overall membrane
thickness, tortuosity and porosity as shown in Eq. 1.11. Parameters A and B depend
largely on the active layer and are of great interest for researchers studying RO and OP.
The structural parameter influences the degree of ICP, which is only considered a
challenge for OP. This section discusses some of the strategies used to modify these
properties with the goal of improving the performance of TFC membranes in RO or OP.
𝐽𝐽𝑤𝑤 = 𝐴𝐴 �
𝐽𝐽𝑠𝑠 = 𝐵𝐵 �
𝑆𝑆 =

𝑡𝑡𝑡𝑡

𝜋𝜋𝐷𝐷 exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)−𝜋𝜋𝐹𝐹 exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )

1+𝐵𝐵⁄𝐽𝐽𝑤𝑤 [exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )−exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)]
𝑐𝑐𝐷𝐷 exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)−𝑐𝑐𝐹𝐹 exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )

1+𝐵𝐵⁄𝐽𝐽𝑤𝑤 [exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )−exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)]

− ∆𝑃𝑃�

�

(1.9)
(1.10)
(1.11)

𝜑𝜑

1.4.1 Water permeance and salt flux coefficient
Current commercial TFC membranes possess a dense active layer made by the
interfacial polymerization between MPD and TMC. Water is believed to move across this
layer by diffusing through its free volume. Li et al. [39] used blends of p-xylylenediamine
(bulky monomer) and MPD to react with TMC, thereby creating polyamide layers with
tunable, higher free volume. Positron annihilation spectroscopy (PAS) was used to
confirm increased free volume, more specifically a larger free volume radius, which
slightly increased the TFC membrane water permeance and ultimately increased the
attainable power density of the tailored TFC membrane. Tang and coworkers [40]
reviewed the major factors that contribute to the performance of TFC membranes: the
monomers (type and concentration), the reaction additives, the substrate, coatings, and
post-treatments. Although multiple studies suggest the influence of other factors, it is
believed that the water permeance and salt flux coefficient of TFC membranes depend
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mostly on the active layer. The membranes used for desalination via RO and open-loop
power generation via PRO are among the least permeable (most selective) membranes for
liquid operation. Therefore, it is a good assumption that transport through the active layer
is the limiting step through these TFC membranes. Consequently, many of the strategies
used to improve performance for RO and PRO have focused exclusively on the active
layer. As Tang and coworkers showed, there have been many research publications
reporting the development of novel membranes for desalination [41], particularly in the
case of TFC membranes [40]. In this section, I introduce a select number of strategies
used to improve the water permeance and the related salt flux coefficient of TFC flatsheet membranes (based on the MPD-TMC chemistry) for OP and RO.
1.4.1.1 Addition of surfactants during interfacial polymerization
Surfactants have been used as additives during the interfacial polymerization step
with the goal of improving the transport properties of TFC membranes. Ghosh et al. [42]
studied the effect of triethylamine and camphor sulfonic acid additives in the MPD
aqueous solution used in the interfacial polymerization step to create the active layer. The
additives improved the membrane performance in two ways. Triethylamine captured the
hydrogen chloride byproduct formed during the polymerization to avoid membrane
hydrolysis. Sulfonic acid facilitated the wetting of the porous support by the MPD
aqueous solution, enabling the polyamide formation. Mansourpanah et al. [43] prepared
TFC nanofiltration (piperazine instead of MPD) membranes using surfactants in the
organic phase involved in the interfacial polymerization. They noticed that anionic and
cationic surfactants led to higher water permeance and salt rejection compared to
membranes prepared with a nonionic surfactant in the organic phase. The higher water
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permeance was attributed to a change in the free volume of the polyamide due to the
interactions with the ionic surfactant molecule. The superior rejections could be a result
of a higher water passage and an unchanged salt flux, which would yield a higher
rejection of the membrane. Kim et al. [44] used triethylamine and camphor sulfonic acid
in the aqueous MPD solution, and added alkyl phosphates (plasticizers) in the organic
TMC solution. Tributyl phosphate led to an increase in water flux but a decrease in
sodium chloride rejection. Triphenyl phosphate addition decreased the observed water
flux, while the rejection stayed somewhat constant. Cui et al. [45] used sodium dodecyl
sulfate (SDS, anionic surfactant) in the MPD aqueous solution at concentrations from 0%
to 5%. The authors reported that an optimal SDS concentration was found at 2%, which
yielded a water permeance of 1.52 LMH/bar compared to 1.19 LMH/bar for the untreated
TFC membrane, and ultimately led to a power density of almost twice that obtained
without using SDS at the maximum tested operating pressure.
1.4.1.2 Chlorine treatment
Another strategy to increase water permeance of TFC membranes is based in the
fact that TFC membranes degrade in the presence of chlorine [10,27,46]. Lind et al. [47]
used a rinse with sodium hypochlorite, followed by a sodium bisulfite, as a posttreatment with the goal of scavenging unreacted MPD from the interfacial polymerization
step. Their results suggest a minimal effect of this treatment on water permeance and salt
rejection. However, Yip et al. [48] showed that long-term chlorine treatments (> 60 min
immersion in sodium hypochlorite solution) led to increases in water permeance and salt
flux coefficient. The authors investigated treatment conditions that maximized the
observed power density for a hand-cast TFC PRO membrane. Han et al. [49] also used
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this post-treatment along with overnight immersion in methanol to increase the water
permeance of TFC PRO membranes. Both studies found that the longest chlorine
treatments increased salt passage, which diminishes the harvestable power in PRO
operation.
1.4.1.3 TFC membrane immersion in alcohol
Immersion of TFC membranes in alcohol has been found to improve water
permeance without increasing salt passage considerably. Kulkarni et al. [50] introduced
the use of aliphatic alcohols to improve the transport properties of MPD-TMC-based TFC
RO membranes. They wet the membranes by aqueous solutions of ethanol and isopropyl
alcohol (IPA) for defined times before washing with deionized (DI) water and measuring
transport properties. They found that this treatment improved the water flux through the
membrane without compromising salt rejection. They suggested that the similarity in
solubility parameters of ethanol (26.6 MPa1/2) and IPA (23.6 MPa1/2) to the fully aromatic
polyamide (23.0 MPa1/2) allowed for ideal interactions between the polyamide and the
alcohol. These interactions were thought to cause the dissolution of small polymer
fragments and elimination of defects [51], resulting in higher water permeance.
Around the same time, Lang et al. [52] prepared TFC RO membranes using
crosslinked poly(vinyl alcohol) (PVOH) as the active layer, and studied the effect of
immersing these membranes in 20 wt% aqueous solutions of C1-C4 alcohols for 2 h.
They found that the water flux in the alcohol-treated membranes increased by 50%
without changing the solute rejection compared to an untreated PVOH TFC RO
membrane. The reported data suggested that each alcohol led to different changes in
water flux; however, this finding was not discussed further. Also, the water flux before
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treatment was different in each case. Presumably this variability was due to the hand-cast
nature of the membranes used in this study, which clouds understanding of the reason(s)
for different changes in water flux after treatments.
Louie et al. [53] used a commercial TFC RO membrane to evaluate the effect of a
coating and an alcohol treatment before testing. They found that immersing the coated
and non-coated membranes into C1-C4 alcohols led to increased water permeance of the
membrane. It was proposed that swelling of the active layer occurs, which may disrupt
inter-chain interactions, such as hydrogen bonding, creating space for water to penetrate
into the membrane. This explanation was supported by their observation that membranes
that were dried after being immersed in ethanol showed a significant water flux decline.
The dependence of the changes in water flux with alcohol type was not studied further.
Arena et al. [54] showed the importance of wetting the porous support layer in FO
by coating a polysulfone support with hydrophilic polydopamine (PDA). They reported
that the immersion of commercial TFC RO membranes (Dow SW30XLE and BW30)
into IPA for 1 h, followed by PDA coating, increased water flux for the SW30XLE
membrane but decreased water flux for the BW30 membrane. This opposite behavior was
attributed to the denser porous support structure of BW30 compared to SW30XLE;
however, the effect of only IPA wetting on the water permeance and salt reverse flux
coefficient of these membranes was not studied.
Zuo et al. [55] fabricated hollow fiber TFC membranes for IPA dehydration using
porous Torlon® as a substrate. Four different amines (including MPD) were reacted with
TMC to create active layers via interfacial polymerization. They studied the effect of a
brief post-fabrication methanol treatment on the transport properties of the membranes.
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They found that methanol treatment increased the permeability of the membranes twofold
without compromising the selectivity. PAS revealed a decrease in free volume after
methanol treatment; however, the overall thickness also decreased. They concluded that
the reduced distance for diffusion led to higher permeability.
Wang et al. [56] reported on ethanol treatment of commercial TFC RO
membranes (including BW30 and SW30HR) for use in FO. They presoaked the TFC
membranes in DI water, immersed them into ethanol for 24 h, re-immersed them in DI
water, and measured the osmotic water flux. They observed increased osmotic water flux
and reverse salt flux for all the membranes wetted with alcohol compared to control
experiments. This change was greater for the SW30HR membrane than the BW30
membrane. These results were attributed to the combined effects of a removal of the
coating layer and improved wetting of the polysulfone support. However, this study did
not separately measure the water permeance and salt reverse flux coefficient of the
membranes before and after alcohol treatment, which influences the osmotic water flux
[57], as well as the wetting of the polysulfone support [58].
Zhang et al. [59] treated hand-cast TFC membranes comprising an MPD-TMCbased polyamide active layer, PDA coating, and polyacrylonitrile support with ethanol
for 2 days prior to PRO experiments. They reported increased water permeance and
reverse salt flux, which were attributed to the removal of material from the active layer
and increased free volume of the polyamide layer after ethanol treatment. The latter
observation was measured using PAS and is contrary to the report by Zuo et al. [60],
possibly due to the presence of the PDA coating. When comparing the effects of
methanol and ethanol treatments on the osmotic water flux, they found that methanol
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yielded larger increases at times from 1 to 24 h, which they attributed to the high polarity
and smaller molecule size of methanol (similar to water). However, the changes in water
permeance and salt rejection after methanol and ethanol treatment were not reported for
the 1-24 h treatment times. It therefore is not possible to elucidate the contribution of the
alcohol treatment to the osmotic water flux. Additionally, this study did not address the
findings of Aharoni [61], who showed that the interactions between fully-aromatic
polyamides with ethanol and methanol are low, and estimated to be greater for ethanol
based on solubility parameters.
In a different approach, Khorshidi et al. [62] fabricated TFC RO membranes with
different MPD-TMC-based active layers. The difference between these active layers was
that the aqueous MPD solution, used during interfacial polymerization, had from 0 to 6
wt% ethanol. When comparing the water flux in RO mode with membranes fabricated
using polyhydric alcohols, which have a higher polar contribution to the solubility
parameter, they noticed that ethanol (the monohydric alcohol) led to the highest increase
in water flux. From this observation, they proposed that one important factor is the
miscibility of the alcohol in water, because this dictates the contribution of the alcohol in
the reaction kinetics during interfacial polymerization.
Liu et al. [63] used hand-cast TFC membranes with an MPD-TMC-based active
layer for FO experiments. They immersed membranes in water, treated them for 5 min
with either ethanol or 50% IPA in water, and washed and immersed membranes into
water for future testing. Similar to previous studies, the osmotic water flux increased after
treatment, with ethanol yielding higher increases than aqueous IPA. This result was
attributed to the capacity of ethanol and IPA to swell fully-aromatic polyamide layers;
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however, 50% IPA in water has a mixture solubility parameter that differs a lot from the
polyamide layer solubility parameter. Additionally, Aharoni [61] reported that both
ethanol and 50% IPA are non-solvents for fully-aromatic polyamides; thus, extensive
swelling is not expected to occur during 5 min treatment.
Recently, Shin et al. [64] reported the fabrication of hand-cast MPD-TMC active
layers on plasma-treated porous polyethylene supports via interfacial polymerization,
followed by solvent contact with the membrane surface, and storage in DI water. Among
the four solvents studied (N,N-dimethylformamide (DMF), benzyl alcohol (BA), ethanol
and IPA), BA led to the highest increase in water permeance without compromising
rejection. They attributed this behavior to optimal solvent-polyamide interactions
(defined by the difference in Hansen solubility parameters, Ra) between BA and the
polyamide (8.1 MPa½), compared to the high Ra values with ethanol (12.7 MPa½) and
IPA (11.2 MPa½), and low Ra with DMF (4.0 MPa½), which itself caused loss of salt
rejection. While effective for membranes cast on a polyethylene support, BA cannot be
used on commercial TFC RO membranes, which use polysulfone (PSf) as a standard
support. The Hansen solubility parameters predict solubility of PSf in BA. Wetting
commercial membranes with BA could dissolve or otherwise deform the PSf support
layer and impair membrane performance.
1.4.1.4 Solvent activation
The use of solvents (including alcohols) like DMF to increase the permeability of
TFC membranes, like alcohol immersion, is called solvent activation. Livingston and
coworkers [65] have used this technique to improve the flux across TFC membranes used
for organic solvent nanofiltration. To achieve this enhancement, the porous support must
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be made from a material that is not soluble in the solvent. Since Aharoni measured that
the highest swelling of fully-aromatic polyamides was obtained using DMF [61], TFC
membranes prepared with solvent activation usually possess a porous support made from
Matrimid® (δ = 29.96 MPa1/2) or P84 (δ = 36.80 MPa1/2) since DMF dissolves PSf. Cui
et al. [45] fabricated TFC membranes for PRO using MPD and TMC to create an active
layer on top of P84 porous supports and then post-treated the polyamide with aqueous
solutions of DMF. This procedure led to a measured power density almost twice the
value measured for the untreated TFC membrane.
1.4.2 Structural parameter
Efforts to reduce the structural parameter of TFC membranes have been informed
by its intrinsic definition (Eq. 1.11). Most strategies have been oriented towards
modification of the porous support and/or the backing layer. Han et al. [49] developed a
TFC PRO membrane using a porous support made via phase inversion with Matrimid®.
The formulation and phase inversion conditions were designed to obtain a macrovoidfree porous support cross-section. This approach led to a higher mechanical strength of
the porous support, a reduced thickness, and ultimately a membrane that could withstand
an applied pressure up to 15 bar. She et al. [66] studied three fabrics with different
weaving type (nonwoven, woven, and tricot) as backing layers for TFC PRO membranes
with a common polysulfone porous support, and fully-aromatic crosslinked polyamide
active layer. They reported that the tricot-fabric-supported TFC PRO membrane had the
best performance because of its reduced salt passage upon applying pressure. This
observation was attributed to an increased multi-directional mechanical resistance to
tensile stress of this membrane in comparison with the other two.
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Electrospinning has been considered to manufacture nonwoven backing layers for
TFC membranes for OP, particularly PRO. The benefit of electrospinning is that the
resulting nonwoven fibers can have diameters smaller than 1 μm, compared to meltblown or spun laid (spun bond) nonwovens that have fibers with diameters >10 μm.
Hoover et al. [67] used electrospun nonwovens made from polyethylene terephthalate to
create backing layers of a TFC membrane for PRO. These membranes used a polysulfone
porous support, and fully-aromatic crosslinked polyamide active layer. The authors used
crossflow velocities up to 0.26 m/s, and noticed that these velocities led to delamination
of the porous support from a commercial spun laid nonwoven. Delamination was not
observed for the membranes with electrospun nonwoven backing layers. This contrast
was attributed to a better imbedding of the polysulfone inside the electrospun nonwoven
resulting from its high porosity and smaller fiber diameter. Even though the electrospun
nonwovens had a lower porosity to tortuosity ratio, the experimentally-determined
structural parameter (different from the intrinsic value, see Section 1.6) was higher than
the value for the spun laid nonwoven.
With a different approach, Bui et al. [68] fabricated electrospun nonwovens made
from polyacrylonitrile on top of commercial polyester nonwovens, with the goal of
replacing the conventional polysulfone porous support (made via phase inversion) of a
TFC membrane. These membranes showed a structural parameter around 300 μm, which
was considerably lower than the value of 790 μm measured for a commercial FO
membrane made from cellulose acetate and fabricated via phase inversion. Song et al.
[69] fabricated TFC PRO membranes by creating an active layer directly on top of an
electrospun nonwoven made from a silica/polyacrylonitrile composite material. This
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nonwoven was strengthened further by coating with polyvinyl alcohol (and posterior
crosslinking using glutaraldehyde), and a hot-press treatment that induced fiber bonding.
The resulting TFC membranes had a low structural parameter (150 μm).
More recently, Kwon et al. [70] have studied the use of polyethylene membranes,
traditionally used for Li-ion battery separators, as a substitute for both the traditional
backing and porous support of TFC membranes for FO. The disadvantages of
polyethylene include its hydrophobicity and its ductility. To overcome the
hydrophobicity disadvantage, the authors treated commercial polyethylene battery
separators by air plasma, which introduced hydrophilic oxygen-containing groups to the
polyethylene surface. They formed a fully-aromatic crosslinked polyamide on top of the
treated polyethylene battery separators. Results showed a structural parameter of 161 μm,
which is among the lowest reported. However, no reports have been made on the use of
these supports to create TFC PRO membranes, perhaps due to the high ductility of
polyethylene.
1.5 Studies on the effects of mechanical properties on membrane performance
Wang et al. [71] reviewed techniques for evaluating the mechanical properties of
membranes used for water treatment. The most commonly reported tests included
uniaxial tensile test, bending test, dynamical mechanical analysis, nanoindentation, and
burst test. The mechanical properties obtained from these tests have been the stress-strain
curve, Young’s Modulus, yield strength, tensile strength, elongation at break, fracture
toughness, storage and loss moduli, bending strength, hardness, and burst strength.
Membrane mechanical testing results have been used to improve membrane design,
diagnose performance, estimate integrity, and evaluate fouling [71]. Most commercial
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TFC RO membranes fall in the category of polymeric membranes, and these can be
fabricated in the form of hollow fibers or flat sheets. My dissertation research has focused
on methods that can be used to evaluate flat-sheet TFC membranes.
1.5.1 Tensile test
In their review, Wang et al. [71] pointed out that uniaxial tensile testing is the
most used mechanical test for water treatment membranes. Bazargan et al. [72] created
microfiltration membranes using electrospun nanofibers, which were heat-treated to
create a nonwoven structure. Tensile testing revealed that the strength of the nonwoven
was high enough to create a self-supporting membrane for liquid filtration. Ahmed et al.
[73] created nonwoven membranes using electrospun fibers of a copolymer, and then
coated them with microcrystalline cellulose. They observed that the tensile strength and
modulus of elasticity of the membranes increased with increasing content of cellulose in
the coating solution up to 15 wt%. This finding was attributed to the densification of the
membrane structure by the addition of the cellulose within the pores, reducing the pore
volume of the membrane. Ma et al. [74] studied the effect of adding polyethylene glycol
(PEG) into a polysulfone solution used for casting of ultrafiltration membranes. By
increasing the amount of PEG 400 in the polymer mixture, the resulting membranes had
lower tensile strength and elongation at break, suggesting brittleness of the materials,
which was attributed to the increased porosity of the membranes. Wang et al. [75] added
graphene oxide (GO) nanosheets into polyvinylidene fluoride (PVDF) solutions used to
create ultrafiltration membranes via phase inversion. The measured tensile strength of the
PVDF-GO membranes increased dramatically when GO was added up to 0.2 wt% and
then decreased gradually as the GO content increased further. This result was attributed
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to the excellent mechanical properties of the GO being transferred to the composite
membrane; however, at loads above 0.2 wt%, aggregation led to the decrease in strength.
Han et al. [49] optimized the fabrication of porous supports made from
Matrimid® via phase inversion to achieve a macrovoid-free, fully sponge-like structure.
They showed that these supports had higher tensile strength, Young’s modulus and
elongation at break than supports made from polysulfone and polyacrylonitrile. These
properties ultimately translated into a higher toughness (energy absorbed before break) of
the porous support, which was employed to create TFC membranes for PRO with high
resistance to applied stress.
1.5.2 Burst test
Lalia et al. [76] used a Mullen burst test to measure the pressure at which a
membrane coupon of known size would break. This test was used to compare the effects
of polymer content in the casting solution, hot press treatment, and number of layers on
the mechanical robustness (defined as burst pressure) of electrospun nonwoven
membranes made from a copolymer. The authors showed that the burst pressure
increased with polymer content in the casting solution because of a larger fiber diameter.
The hot press treatment slightly increased the burst pressure; however, this improvement
was considerably greater when hot pressing two nonwoven layers due to the interlocking
of the fibers (bond density).
1.5.3 Membrane deformation against spacers
TFC membranes usually are wrapped around a collection tube to create spiral
wound modules [10,27,71]. The membrane is wrapped using a sandwich structure in
which membrane sheets are separated by feed spacers and permeate spacers for the case
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of RO, and draw and feed spacers for PRO. RO permeate spacers have the smallest
opening size, whereas feed spacers for PRO have been investigated from opening sizes
equivalent to permeate spacers (> 0.5 mm) to 5 mm [21,22]. When pressure is applied to
the high salinity side (in both RO and PRO), the TFC membrane is subjected to a
combination of mechanical stresses that can lead to permanent membrane deformation
and, ultimately, changes it its performance [21,66].
When using spacers with large opening, like in pressurized OP, there is tensile
mechanical stress on the membrane [21,66]. Kim et al. [22] studied the deformation of a
cellulose acetate FO membrane operated in PRO mode, using feed spacers of different
opening size. Results at 12.5 bar showed that the power density from PRO experiments
was the highest when using a feed spacer with the largest opening size. However, She et
al. [21] made a contradictory observation. They reported that the highest power densities
were obtained using small opening size RO permeate carriers as feed spacers in PRO,
which was attributed to the increased salt passage through the membrane. These opposing
results suggest the existence of competing effects between the mechanical deformation of
the membrane (associated with the salt passage) and the mass-transfer resistance
contribution of the feed spacer (associated with the spacer opening size). She et al. [21]
used slab analysis from structural engineering to show that the tensile stress on the
membrane during PRO operation is proportional to the square of the applied pressure and
the square of the feed spacer opening size. This analysis suggested that the feed spacer
selection should aim to avoid the membrane reaching a failure strain. The onset failure
strain of a polyamide layer from a commercial TFC RO membrane has been determined
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by Stafford and coworkers [77] to be around 14% ± 4%, using a method based on
wrinkling-cracking phenomena.
1.5.4 Membrane compaction
Other studies have uncovered the effects of compressive stress on the transport
properties of TFC membranes, which is relevant for pressure-driven filtration. Pendergast
et al. [78] used different nanoparticle additives to create porous nanocomposite supports
for TFC RO membranes. Using scanning electron microscopy images, they observed that
the nanocomposite supports were compacted after RO operation. While compaction
decreased water permeability for all supports, the largest decline in water permeability
was observed in a TFC membrane without nanoparticle additives. They concluded that
addition of nanomaterials to the support layer reduced the loss in water permeability,
most likely by reducing the membrane compaction. Later, the same authors showed that
zeolite-A nanoparticle addition to the TFC membrane active layer also reduced the loss in
water permeance observed upon compression [79]. This result was attributed to the
reduced densification of the active layer due to the presence of the zeolite-A. The authors
observed an increase in the tensile strength and less compaction of the membrane by
adding zeolite-A to the support layer only. However, they concluded that avoiding active
layer densification is more significant than avoiding porous support compaction to
maintain the water permeability [79].
Holt et al. [80] used tricot spacers with small opening sizes to conduct PRO
experiments. They observed a higher than expected reduction in the water flux upon
increasing the applied pressure, which was attributed to an increased resistance from
compaction of the membrane against the filaments of the tricot spacers. This observation
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led to the development of an empirical equation relating the structural parameter to the
applied pressure that was used successfully to fit the experimental PRO data. However,
this equation did not include membrane mechanical properties that could give insights on
the dependence of the structural parameter to those properties.
Membrane compaction has been studied in the context of membrane patterning.
Membrane surface patterning can have benefits such as reduced membrane fouling
(surface contamination) and increased surface area (higher effective water flux).
Aghajani et al. studied the effects of compressive stress on the water permeability
through microfiltration, ultrafiltration [29], and TFC membranes [28] by using a thermal
embossing patterning technique called nanoimprint lithography (NIL). NIL was used to
prepare membrane samples using a controlled compressive stress and temperature for a
determined period of time, to achieve a measurable decrease in membrane thickness. By
comparing the change in water permeation of an ultrafiltration membrane and a TFC
nanofiltration membrane after NIL, the authors were able to show that the contribution to
the water transport resistance of the porous support can be higher than 50% [28]. This
revealed the importance of considering membrane compaction during high-pressure
operations; however, the authors did not relate the change in water passage to a
mechanical property of the porous supports.
1.6 Evaluation of membrane performance in osmotic processes
Testing the membrane performance in OP typically involves measuring the water
and solute flux across the membrane over time. Since ECP must be minimized in RO and
OP, lab-scale experiments typically are run in a custom-built apparatus that has a
membrane cell with one (RO) or two (OP) inputs, and two outputs. The observed water
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flux can be used to estimate the suitability of the membrane for OP by calculating the
structural parameter (or other membrane property related to the mass-transfer resistance
of the porous and backing layers) from a flux model (e.g. Eq. 1.9). To do this calculation,
it is necessary to know the membrane water permeance and salt flux coefficient. These
two transport properties commonly are evaluated in RO mode (filtration) using a
membrane cell designed for RO (1 input and 2 outputs) and a small opening size metal
frit or permeate carrier to support the membrane. In the mid-2000s, there was a dramatic
increase in the number of publications about PRO–correlated with an oil price increase
[5]–which prompted the development of standardized testing conditions for evaluating
membranes for PRO. In this section, I describe some of the reported experimental
considerations for testing membranes for OP, particularly PRO.
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Figure 1.5. Membrane cell modifications for PRO testing proposed by (a) Elimelech and coworkers [22],
(b) Straub et al. [81], and (c) Kim et al.[82]. Schematics were adapted from the respective references.

In 2012, Elimelech and coworkers [22] noted that both the water permeance and
salt flux coefficient varied with the applied pressure when performing a RO test using a
PRO membrane cell, which is attributed to the membrane deformation against the feed
spacer. Therefore, it was suggested to evaluate the apparent transport properties of the
membrane using a PRO setup. In the same study, the authors highlighted the importance
of the inlet and outlet size on the side of the membrane cell that operates at lower
pressure, since these are unsupported sections of membrane where additional membrane
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deformation can occur (see Figure 1.5a). The authors used an inlet/outlet size of 6 mm ×
26 mm to minimize this additional deformation [22].
Later that year, a group of seven research laboratories conducted a round robin
test to evaluate membrane performance in osmotically-driven membrane processes [57].
The goal of this study was to provide a standard methodology that would facilitate the
comparison of results among different laboratories. The membrane transport properties
were measured using RO (for A and B) and FO (for S). The results showed a high
variability in the independently measured salt flux coefficients for a TFC membrane with
high water permeance, which suggested that RO testing should be done at low hydraulic
pressure (8.6 bar). Also, it was suggested to use the same membrane coupon, when
possible, to avoid sample to sample variability. The standardized operating conditions
also applied for PRO experiments, which generally involve switching the membrane
orientation from the FO case [57]. Another highlight from this study was the suggestion
to use an aqueous alcohol (methanol, ethanol or isopropyl alcohol) soak (50:50 (v/v) in
water) to prepare membranes for testing. The purpose of this step is to ensure that the
porous support and backing are fully wetted and free of air pockets, given the
hydrophobic nature of materials such as polysulfone [57]. Shaffer et al. [58] later showed
visually, using neutron radiography, that incomplete wetting of the porous polysulfone
layer leads to overestimation of the structural parameter of membranes when used in OP.
Straub et al. [81] proposed strategies to achieve high testing pressures (up to 48
bar) in PRO operation, which is desired for applications using a highly concentrated draw
solution (e.g., RO desalination brine or 3M NaCl). The authors proposed a new cell
design with small channel heights (resembling the spacing between membranes in a spiral
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wound module) and feed side inlet and outlet sizes that were reduced to multiple slits of 1
mm width (see Figure 1.5b). The membrane was taped to the test cell to avoid its
deformation against cell edges. These modifications resulted in membrane burst pressures
estimated to be between 48 and 55 bar, far higher than the previously reported value of
17 bar in PRO tests with similar flat sheet membranes.
Kim et al. [82] proposed an asymmetric channel crossflow membrane cell design
to further avoid membrane deformation during lab-scale testing of membranes for PRO.
This asymmetric channel cell has the inlet/outlet of the draw side closer to the center of
the cell compared to those in the feed side. This design avoids deformation of the
membrane against the feed side inlet/outlet by the pressurized draw solution (see Figure
1.5c). The authors showed with this design that they were able to reach testing pressures
of up to 55 bar, while using permeate carriers as spacers for the feed side of the cell. The
transport properties of the membranes were measured before and after PRO testing using
the PRO apparatus (two channel cell) operated in RO mode. The water permeance
increased slightly while the salt flux coefficient did not change, suggesting that the PRO
experimental conditions did not impair the membrane integrity.
The studies mentioned above revealed that membrane deformation places limits
on PRO testing. Deformation leads to increases in salt passage as draw side pressure
increases. This pressure-dependent salt passage is not predicted by the conventional
boundary layer models. Strategies to avoid membrane deformation were reducing the
opening size of the structures in the feed side (that hold the membrane in place during
PRO testing) and redesigning the membrane cell to minimize unsupported areas along the
feed side inlet and outlet. These considerations were not reported in the initial effort to
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create a standard methodology for membrane OP testing [57]. Other authors have noted
the discrepancies between the transport properties measured via RO and the apparent
transport properties in OP, and proposed new methodologies to estimate membrane
transport property values that effectively model the experimental flux results in OP.
Duan et al. [83] proposed a revised solution-diffusion model that includes defect
sites through which non-selective convective transport may occur. The authors proposed
a multi-step methodology to systematically evaluate the membrane transport properties
(A, B and K, where K is proportional to S), and a new parameter called the convective
flow permeability coefficient that is equivalent to the water permeance through defect
sites. The authors used an OP testing apparatus to measure the transport properties, with
the goal of measuring contributions from the defects created by membrane deformation.
The proposed model, using the transport properties measured with the methodology
above, provided better fit of the experimental water flux results obtained in pressureassisted FO than the conventional solution-diffusion model. This study suggests that
defects are a plausible explanation for unexpected flux behaviors in OP experiments;
however, the lowest value of the measured water permeance (0.58 LMH/bar) was
considerably higher than the convective flow permeability (0.02 LMH/bar), even though
water passage through a defect would be expected to have a lower resistance to flow.
This discrepancy is possibly because the observed flow rate through defects is normalized
by total membrane area instead of defect area (lower value). Analyzing the change in
membrane dimensions would have increased the physical meaning of the newly included
property, the convective flow permeability.
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A different approach was reported by Lee et al. [84], who used a single PRO test
and statistical analysis to estimate the transport properties of membranes. The normalized
root-mean-square error in fitting the quotient of salt flux and water flux (Js/Jw) was
lowered in every case indicating a better fit compared to the standard method [57].
Nevertheless, the values obtained for the membranes transport properties were
considerably far from typical reported values (e.g. Aestimated = 351 LMH/bar, Ameasured =
1.51 LMH/bar), reducing the physical meaning of the results.
More recently, Kim et al. [85] reviewed methodologies proposed to measure the
performance of membranes in FO. They concluded that although standard RO testing
[57] yields accurate values of the membrane transport properties, newer methods are
better in predicting the membrane performance, regardless of the discrepancies observed
in the transport property values. The authors point out that newer methods seem to work
for low (zero) pressure OP, such as FO; however, the solute flux results in pressurized
OP are not well predicted by the methodologies reviewed by the authors.
To summarize, OP research has led to a standard methodology for membrane
testing [57] that sets guidelines on operating conditions, testing apparatus, and sample
preparation. Yet a number of studies have shown that this methodology, although useful
for determining accurate membrane transport properties A and B at low pressure, does not
account for the changes in these properties observed in pressurized OP operations, which
ultimately leads to unexpected results. Strategies to overcome this drawback have
included minimizing membrane deformation by modifying the membrane cell and sample
mounting, estimating apparent transport properties using an OP apparatus instead of an
RO apparatus, and statistical analysis to estimate effective membrane properties that
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better predict the experimental results. Even though it has been recognized that
membrane deformation is the main cause of discrepancies between modeled and
experimental results (particularly salt flux), none of these approaches have tried to
include mechanical properties or membrane cell characteristics into the flux models.
1.7 Dissertation structure
The goal of my dissertation was to elucidate the role of mechanical properties
(e.g. strength and stiffness) in the transport (i.e. water permeance and reverse salt flux) of
the polymer-based layers that compose TFC membranes used in OP. In Chapter 2, I
discuss the use of helically coiled and multiwall carbon nanotubes as additives to create
porous nanocomposite supports with increased mechanical stiffness as an effective
strategy for sustaining water production in RO. In Chapter 3, I propose woven polyester
mesh as a TFC membrane backing layer and analyze the role of mesh size in burst
strength and mass-transfer resistance of TFC membranes used for PRO. In Chapter 4, I
attempt to correlate the reduction in stiffness of the active layer from five commercial
membranes after contact with five different C1-C4 monohydric alcohols, to explain the
improvements in water flux after this solvent activation. In Chapter 5, I present findings
from a study on the overall TFC membrane mechanical deformation from compression
and bending against a feed spacer under hydrostatic pressures that are typical of PRO.
With this improved understanding, I propose a new model that introduces mechanical
properties into traditional boundary layer equations used in OP. Finally, in Chapter 6, I
provide research opportunities that I envision would improve TFC membrane
productivity in OP.
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CHAPTER TWO:
THIN-FILM COMPOSITE MEMBRANES ON POLYESTER WOVEN MESH WITH
VARIABLE OPENING SIZE FOR PRESSURE-RETARDED OSMOSIS
[As published in the J. Membr. Sci. 549 (2018) 251–259 with minor revisions]
2.1 Introduction
Pressure-retarded osmosis (PRO) has renewed interest for energy generation
purposes [5]. PRO requires an applied transmembrane pressure to harvest energy and,
therefore, must have mechanical strength to withstand high operating pressures
approaching those required to desalinate seawater via reverse osmosis (RO) [30]. Thinfilm composite (TFC) membranes have been used for RO desalination and are under
development for PRO due to their good water permeance and salt rejection [86]. The
membranes typically comprise an active layer that performs the separation, a porous
support layer for this active layer, and a nonwoven polyester backing that provides
mechanical stability. This nonwoven polyester backing has been designed to create
freestanding membranes that withstand stresses during operation, as well as to prevent
failure of the porous support layer that holds the active layer [33].
Water flux models have been developed for osmotic processes that utilize a TFC
membrane [30,36,38]. The recent model by McCutcheon and co-workers [37] accounts
for detrimental effects that control the osmotic water flux such as transport properties of
the membrane, external (convective), and internal (diffusive) concentration polarization.
The latter effect is produced by the inherent mass-transfer resistances of the porous
support layer, polyester backing, and sometimes spacers [21,22]. The structural parameter
(S) has been defined as a metric of the effective diffusion length through the membrane
structure (porous support layer and polyester backing), and is defined intrinsically as S =
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tτ/ε, where t is the thickness, τ is the tortuosity, and ε is the porosity [87]. From this
definition, it is expected that TFC PRO membranes will have higher water flux when the
thickness and tortuosity are reduced or the porosity is increased.
The physical characteristics of commercial nonwoven polyester backings have
been investigated [88,89]. Other possible polyester backing structures such as woven
mesh and tricot have been used for TFC membranes in osmotic processes [66,90] and
showed improved performance compared to nonwoven backing. However, the individual
effect of the intrinsic structural parameter of these polyester backings on the masstransfer resistance is not yet clear. Pore size in the membrane structure has been shown to
play a role in the overall mass-transfer resistance [91], but the role of the opening size of
the polyester backing on the performance of a TFC PRO membrane is unknown to us.
In this work, we used standard woven mesh [92] as the polyester backing of TFC
membranes. Firstly, we assessed the possibility of creating freestanding membranes that
withstand stresses during PRO operation. We showed the relationships among the
opening size of the polyester backing, the strength and thickness of the porous support
layer, and the pressure value that would create a membrane failure (burst pressure).
Secondly, we characterized the polyester mesh backings to estimate their structural
parameters and correlated these with the values obtained via osmotic water flux
measurements. We differentiated the contributions to the mass-transfer resistance of the
porous support layer and the polyester backing. Finally, we attributed the remaining
uncertainty in the structural parameter to the variability in the porosity through the
membrane structure, and variables not included in current models, most significantly the
opening size of the polyester backing. Our findings support the idea that woven mesh
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polyester backings of certain opening size are useful to reduce the mass-transfer
resistance of a TFC membrane, while still providing mechanical stability needed for PRO
operations.
2.2 Experimental
2.2.1 Materials and chemicals
Polyethersulfone (PES, Ultrason E 6020 P) was kindly provided by BASF
(Ludwigshafen, Germany) and used to fabricate mesh-supported films. Polyester woven
mesh with different opening sizes were purchased from Gilson Company Inc. (PMB,C,D,E,F Polyester Cloth, Lewis Center, OH, USA). N-methyl-2-pyrrolididone (NMP,
ACS reagent, 99%), poly(ethylene glycol) (PEG 400, Bio-Ultra 400), and sodium
chloride (NaCl, BioXtra, >99.5% (AT)) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Acros Organics anhydrous ethanol (200 Proof, 99.5+%) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Deionized (DI) water (18 MΩ/cm) was
obtained using a Milli-Q water purification system (EMD Millipore, Billerica, MA,
USA). Commercial RO membrane (SW30HRLE) was kindly provided by Dow Water &
Process Solutions (Edina, MN, USA). The support with active layer of the commercial
membrane was isolated by peeling it from the nonwoven polyester backing. The
recovered nonwoven was used later as a control to evaluate the effect of the peeling
process on mass-transfer resistance. Spacers were purchased from Sterlitech Corporation
(Kent, WA, USA).
2.2.2 Fabrication of mesh-supported films
Polymer solutions were prepared using 18% PES, 16% PEG 400, and 66% NMP
(all in weight percent). These were placed in 250 mL Erlenmeyer flasks, sealed with
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stopper and parafilm, and heated in a glycerol bath at 70°C with magnetic stirring at ~100
rpm overnight. After mixing, the stirrer was recovered and the solution was left in the
bath until air bubbles were not visible. Then, the polymer solution (dope) was cooled to
ambient temperature. Mesh-supported films were produced by phase inversion in a nonsolvent bath (DI water). A home-built glovebox with a nitrogen purge was used to reduce
the relative humidity of the environment in contact with the polymer solution below 15%,
measured with a humidity indicator (Extech 445814, Extech Instruments, Waltham, MA,
USA). A piece of release paper (PC-RP-1K ASTM D 4708/2370/1353, Paul N. Gardner
Company Inc., Pompano Beach, FL, USA) was taped on a glass plate and a polyester
backing was taped on top of the release paper. A film of dope solution was cast over the
polyester mesh using a Teflon-coated Microm II Film Applicator (Paul N. Gardner
Company Inc.) at a fixed height of 178 µm. The time between film casting and
submersion in the coagulation bath was ~3 s.
2.2.3 Mesh-supported films and membrane characterization
Scanning electron microscopy (SEM) was used to image cross-sectional regions
of the mesh-supported films and to study the effects of compression on the structure of
commercial supports. Films and membranes were wetted with a 50:50 (v/v) water/ethanol
solution, flash-frozen in liquid nitrogen, cracked, mounted, and sputter coated with goldpalladium for 2 min, using an Anatech Hummer® 6.5 (Anatech Limited, Denver, NC,
USA). For mesh-supported films, a blade was used to facilitate the cracking of the film,
however this method will not lead to a clear view of the porous support cross section. A
Hitachi S4800 High Resolution SEM (Hitachi Limited, Tokyo, Japan) was used to create
micrographs with an accelerating voltage of 10 kV.
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Tensile strength and Young’s modulus of the commercial SW30HRLE membrane
(as received and peeled-off porous support) and the mesh-supported films were measured
using an Instron 1125 Universal Testing Machine (Instron, Norwood, MA, USA). A 100
kg load cell was used, the gap between clamping devices was kept at 100 mm, the width
of the samples was 10 mm, and the pulling rate was 10 mm/min. These conditions were
based on the ASTM D882-12 standard used for plastic sheeting with thickness below 1
mm [92]. Five measurements were made per sample. Balance load and distance between
jaws were recorded.
Films and membrane thicknesses were measured using a Mitutoyo 293-340-30
Digital Micrometer (Mitutoyo Corporation, Kawasaki, Japan). Eight measurements were
taken per sample.
Burst pressure was measured using the PRO apparatus shown in Figure A.1
(Appendix A) and described in the next section. For these tests, the membrane coupon
was prepared by removing the nonwoven polyester backing from the commercial
SW30HRLE and replacing it with a woven mesh polyester backing. The membrane
coupon was installed in the membrane cell, and a perforated metal plate (stainless steel
316 plate with length 44.45 mm, width 13.94 mm, and thickness of 1.22 mm) and one
spacer (1.8 ± 0.1 mm opening size and 440 ± 10 µm thickness), both on the feed solution
side, were used to support the overall structure. A 1 M NaCl solution was recirculated on
the draw solution side and tap water (resistivity = 6.6 kΩ cm) was recirculated on the

feed solution side. The pressure on the draw solution side was increased by tightening the
control valve by 1% every 20 sec. The burst pressure is defined as the pressure at which
the feed conductivity increased dramatically due to mechanical failure of the
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SW30HRLE membrane porous support layer. These tests were conducted up to 2750
kPa.
2.2.4 TFC membrane performance testing
PRO and RO performance was tested in a lab-built apparatus. Figures A.1 and
A.2 show the piping and instrumentation diagrams of the PRO and RO configurations.
Two flow paths were connected to a membrane cell. This custom cell comprises two
blocks of Delrin cut to form a crossflow channel with 44 mm length, 14 mm width, and
2.35 mm depth. The membrane active area is 616 mm2. Draw solution was pumped using
a Hydra-Cell P100 Metering Pump (Wanner Engineering, Minneapolis, MN USA), and
tubing was made of 316 stainless steel. Feed solution was pumped using a MasterFlex
L/S 600 rpm drive with an L/S Easy-Load II SS pump head (Cole-Parmer, Vernon Hills,
IL, USA), with a combination of Masterflex pump tubing (Puri-Flex, Cole-Parmer) and
316 stainless steel. The change in mass on the feed side was measured using an Ohaus
AV3102C Adventurer Pro scale (Ohaus Corporation, Parsippany, NJ USA). The
conductivity was used to calculate changes in NaCl concentration and it was measured
using CS150TC probes from Sensorex Corporation (Garden Grove, CA USA). Pressure
in the draw solution side was kept constant using a MCJ-050AB-3-SS-31RS4
proportional valve (Hanbay Laboratory Automation, Quebec, Canada) controlled via a
voltage signal from the computer. Data recording, user interface, and control system were
programmed using LabView 15 (National Instruments, Austin, TX, USA).
2.2.4.1 Pure water permeance (A) and reverse salt permeability coefficient (B)
The procedure and conditions for testing were based on the ones established by
Cath et al. [57]. To determine the pure water permeance, 5 L of DI water were
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recirculated through the membrane cell using the high-pressure pump at 860 kPa and 1
LPM. This experiment was done with as-received SW30HRLE membrane coupons and
“recomposed” SW30HRLE membrane coupons, in which the support with active layer of
the as-received membrane was isolated by peeling it from the nonwoven polyester
backing and then repositioned onto the original backing. After obtaining 2 g of permeate
(approximately 45 min run time), the pure water flux (Jw,A) was measured for 30 min.
This time procedure was followed because it resulted in all cases in a constant water flux
measurement over the test time. The pure water permeance was calculated using Eq. 2.1:
𝐴𝐴 =

𝐽𝐽𝑤𝑤,𝐴𝐴

(2.1)

∆𝑃𝑃

∆P is the transmembrane pressure difference (860 kPa).
After the pure water permeance test, the permeate was returned to the feed tank
and 10 g of NaCl were added to create a 2 g/L solution. The solution was recirculated in
the system until a constant conductivity was reached, then the pressure was set to 860 kPa
and the flowrate to 1 LPM. The mass and conductivity of water permeated were
measured again. A new water flux (Jw,B) was obtained and the reverse salt permeability
coefficient was estimated using Eq. 2.2. The membrane solute rejection (R), and the
membrane cell mass-transfer coefficient (k) were calculated using Eqs. 2.3 and 2.4 [38].
Re is the Reynolds number (Re = dvρ/µ), and Sc is the Schmidt number (Sc = µ/Dρ).

Reynolds number was greater than 2000. The viscosity (µ) was assumed to be 0.89 mPa
s, the density of the solution (ρ) was 1000 kg/m3, and the diffusion coefficient (D) of
sodium chloride in water was 1.6 × 10-9 m2/s [93].
𝐵𝐵 = 𝐽𝐽𝑤𝑤,𝐵𝐵

1−𝑅𝑅
𝑐𝑐
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𝐷𝐷
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(2.2)

�

(2.3)
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𝑘𝑘 = 0.04(𝐷𝐷/𝑑𝑑)Re0.75 Sc 0.33

(2.4)

2.2.4.2 Membrane experimental structural parameter (S) and performance
measurements
To estimate the membrane structural parameter, the testing apparatus was in
osmotic process configuration with countercurrent crossflow. The as-received
SW30HRLE membrane was tested, as well as membrane coupons prepared by peeling
the nonwoven polyester backing layer from the SW30HRLE membrane and replacing it
with different polyester backing (including the recovered nonwoven backing). The
membrane coupon was submerged in a 50:50 (v/v) ethanol/water solution to wet the
pores fully, and then rinsed thoroughly with DI water. A membrane coupon was installed
in the membrane cell with the active layer facing the draw solution side. During
membrane installation, the feed channel and the membrane were rinsed with DI water to
remove air bubbles that might decrease the area of contact. Four diamond-shaped spacers,
two with 2.1 ± 0.1 mm opening size and 900 ± 20 µm thickness, and two with 1.8 ± 0.1
mm opening size and 440 ± 10 µm thickness, were installed in the feed solution channel
of the membrane cell. This number of spacers was needed to fill the feed channel fully
and provide adequate support to the membrane. Draw and feed solutions were
recirculated at concentrations of 1 M (4950 kPa osmotic pressure at 25°C) and 0 M NaCl.
Four different hydrostatic pressure values were applied in the draw side: 1370, 1030, 680,
and 340 kPa. This order was used (when possible) to minimize differences due to the
effects of irreversible deformations due to compaction. Water mass loss in the feed
solution tank was recorded for 18 min at each pressure, and these mass measurements
were used to calculate the water flux (Jw).
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The model for water flux proposed by Bui et al. (Eq. 2.5) [37] was used to
estimate the membrane structural parameter (S). πD,b and πF,b are the osmotic pressure in
the bulk of the draw and feed solutions. kD and kF are the mass-transfer coefficients in the
draw and feed channels (calculated to be ~ 3 x 10-5 m/s). ∆P is the difference in
hydrostatic pressure across the membrane.
𝜋𝜋

−1
exp(−𝐽𝐽𝑤𝑤 /𝑘𝑘𝐷𝐷 )−𝜋𝜋𝐹𝐹,𝑏𝑏 exp�𝐽𝐽𝑤𝑤 �𝑘𝑘𝐹𝐹
+𝑆𝑆/𝐷𝐷��

𝐷𝐷,𝑏𝑏
𝐽𝐽𝑤𝑤 = 𝐴𝐴 �1+𝐵𝐵/𝐽𝐽

−1
𝑤𝑤 �exp�𝐽𝐽𝑤𝑤 �𝑘𝑘𝐹𝐹 +𝑆𝑆/𝐷𝐷��−exp[−𝐽𝐽𝑤𝑤 /𝑘𝑘𝐷𝐷 ]�

− ∆𝑃𝑃�
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Finally, the power density (W) at ∆P = 2500 kPa (approximately theoretical ideal
optimum value Wmaxideal = πD,b/2 = 2475 kPa [30]) was calculated using Eq. 2.6 as a
metric in performance comparisons.
(2.6)

𝑊𝑊 = 𝐽𝐽𝑤𝑤 ∆𝑃𝑃
2.3 Results and Discussion
Figure 2.1 shows microscope images of nonwoven mesh and standard woven
mesh of different opening sizes used in this work. Table 2.1 shows the measured

thicknesses and opening sizes of the woven mesh polyester backings used in this work.
All of these are standard (based on ASTM E11), except the one named 7 µm, which has
an opening size of 7 µm.

Figure 2.1. Microscope images of: (a) nonwoven mesh and standard woven mesh (b) #60, (c) #200, (d)
#325, (e) #635, and (f) 7 μm. The scale is common for all images.

45

Table 2.1. Woven mesh wire diameter and opening size (reported in ASTM E11 [92]). Mesh 7µm is not
given in the ASTM E11 standard. Mesh 7µm wire diameter was measured by SEM.

Mesh
#50
#60
#80
#120
#200
#325
#635
7µm

Wire diameter (µm)
200
160
125
90
50
32
20
53 ± 2

Opening Size (µm)
300
250
180
125
75
45
20
7

2.3.1 Membrane characterization
Figure 2.2 presents the tensile strength and the Young’s modulus of SW30HRLE
and hand-cast membranes supported with woven mesh of different opening sizes. The
tensile strengths of most of the mesh-supported membranes were the same order of
magnitude as the commercial SW30HRLE. This result suggests that these polyester
structures are able to withstand pressures similar in magnitude to the ones used for
seawater desalination (the application of SW30HRLE [94]). The mesh-supported
membranes were tested in a parallel direction to the load, which is the orientation that
would provide the best results [66].

Figure 2.2. Mechanical properties of the as-received commercial SW30HRLE membrane and porous
support layers cast on top of woven polyester mesh.
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The Young’s modulus of the nonwoven was around 1000 MPa, whereas values
for the mesh-supported membranes were hundreds of MPa. The lower values for the
woven structures are due to their higher void fractions compared to the nonwoven
polyester backing. The effect of this void fraction on the feasibility of using woven mesh
structures for PRO membranes was evaluated further with burst pressure studies.
Figure 2.3 presents typical SEM images of the mesh-supported membranes along
with the commercial SW30HRLE membrane. The polymer solution was able to fill the
openings of the #60 and #200 mesh, and partially fill the #325 mesh, but did not fill the
#635 and 7 μm mesh supports. The degree of infusion into the mesh is dependent on the
viscosity of the dope solution and the time between casting and immersion in the
coagulation bath. She et al. [66] showed that embedding the woven structure within the
porous support polymer nearly doubled the absolute force that the film could withstand.
However, embedding reduces the porosity of the woven structure considerably, which is
expected to increase the structural parameter of the membranes and decrease their PRO
performance. Therefore, to attain the objectives of the study, we used previously
fabricated porous support layers (SW30HRLE with removed nonwoven polyester
backing) and placed them on top of different polyester backings to provide mechanical
stability during performance testing.
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Figure 2.3. SEM images of (a) commercial membrane, and membranes cast on standard woven mesh (b)
#60, (c) #200, (d) #325, (e) #635, and (f) 7 µm.

Figure 2.4a illustrates a typical burst pressure test result. The pressure ramp was
approximately 60 kPa per minute, which was a slow rate to prevent membrane damage
due to hydraulic shock (as recommended by the manufacturer [94]). The osmotic
pressure in the draw solution side was above the operating pressures, therefore the sudden
step-like increase in conductivity (Figure 2.4a) can be attributed to membrane mechanical
failure.

Figure 2.4. (a) Typical data from a burst pressure test in the PRO apparatus. Vertical-dotted line shows
where the burst pressure is reached. (b) Experimental and predicted (Eq. 2.8) normalized burst pressure
using different woven mesh. Mesh #120 had a burst pressure above 2750 kPa while using an 80 µm
support.
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The stress that the porous support layer suffers when being compressed against
the openings of the polyester backing is proposed to be similar to the one in a three-point
bend test. This test is used to determine the flexural strength of a brittle material when
other tests cannot be performed easily, and usually the result is the same relative order of
magnitude as the tensile strength [95]. The flexural strength is defined as the maximum
stress experienced by a specimen at the moment it fails in a bending test. Materials with
defects, such as porous support layers, show a slight higher flexural strength than tensile
strength (i.e., σbend/σtensile < 10). Eq. 2.7 is used to calculate the flexural strength, where F
represents the force required to fracture the specimen, L is the separation between the
outer support points, w the width of the sample, and t the thickness of the sample.
3𝐹𝐹𝐹𝐹

(2.7)

𝜎𝜎bend = 2𝑤𝑤𝑡𝑡 2

We propose that the opening size between two wires of the woven mesh is
equivalent to the separation between outer supports in a three-point bend test (i.e., O =
L). Additionally, we assumed that the width of the sample is equal to the opening size
since the holes in the mesh are square shape (i.e., w = O). We propose that the force
required to fracture is equal to the burst pressure multiplied by the area of the opening
(i.e., F = PburstLw = PburstO2). Applying these assumptions to Eq. 2.7 yields Eq. 2.8, a
new expression for the “burst” strength of the porous support layer.
𝜎𝜎burst =

3𝑃𝑃burst 𝑂𝑂 2

(2.8)

2𝑡𝑡 2

This burst strength is expected to be characteristic of the material (SW30HRLE
without the nonwoven polyester backing) and to be the same relative order of magnitude
as its tensile strength. This was confirmed experimentally as the measured tensile
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strength of the SW30HRLE (without the nonwoven polyester backing) was 5.3 ± 0.3
MPa, and the measured burst strength was 15.8 ± 1.6 MPa (i.e., σburst/σtensile ~ 3). Eq. 2.8
can be rearranged to predict the burst pressure of the support on woven polyester
backings with different opening sizes. It also informs us that decreasing the thickness of
the porous support layer (for instance to decrease its structural parameter) would require
a mesh polyester backing with a smaller opening size to maintain a constant burst
pressure. Additionally, Eq. 2.8 could help to evaluate the maximum resistance of the
whole membrane upon compression against spacers, previously studied by She et al. [21].
Figure 2.4b shows the measured burst pressure, and the predicted values using Eq.
2.8, the burst strength and thickness (80 µm for the porous support layer of SW30HRLE).
The error bars in the predicted value result from the standard deviation in the measured
burst strength. As the opening size of the woven mesh decreased, the experimental burst
pressure of the porous support layer increased. In fact, SW30HRLE supports did not
break when using woven mesh #120 polyester backing and a maximum applied pressure
of 2750 kPa. This result was expected because smaller openings have centers closer to
the wire and the torque generated by the pressure is reduced. The predicted values were
not statistically different than the experimental results at a 90% confidence level. This
correspondence shows that Eq. 2.8 is useful for estimating the suitability of a woven
structure to provide support of a polymeric membrane. Finally, for a SW30HRLE support
with 80 μm thickness, a polyester backing layer with an opening size of 125 μm or
smaller would provide enough strength to withstand pressures up to 2750 kPa. This
pressure is above the ideal value (~2500 kPa) that would maximize the power output in a
PRO system that uses a draw solution of 1 M NaCl and a deionized feed solution.
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Figure 2.5 shows SEM images of the cross-section and top surface of
SW30HRLE membrane coupons used for burst pressure testing on woven mesh polyester
backings. Images of the cross-sections show the compression of the polymer against the
wires of the polyester mesh, whereas the polymer thickness deforms less overtop the
openings of the polyester woven mesh. It is also visible that the deformation becomes
more uniform as the opening size of the woven mesh decreases. This suggests that as the
opening size decreases, the stresses are distributed more evenly, which leads to a higher
burst pressure. Images of the top surface reveal that the porous support layer takes the
shape of the woven mesh polyester backing when pressurized; however, as seen
previously, when the opening size of the polyester backing is reduced, this embossing
effect is less visible.

Figure 2.5. SEM images of (top) cross-section and (middle, bottom) top surface of SW30HRLE membranes
after being tested (burst pressure) using different polyester woven mesh backings.

When modeling PRO results using Eqs. 2.5 and 2.6, the structural parameter is the
only factor that takes into account the membrane structure. Yet it is assumed to be
constant and, by definition, it does not depend on the nominal pore (opening) size of the
layers. Recently, McCutcheon and coworkers have shown the importance of the pore
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radius and inaccuracies of models based on the intrinsic structural parameter in the
modeling of osmotic processes [91,96]. Our observations about the role of mesh opening
size on the porous support layer deformation suggest that this plays a significant role in
the membrane performance, as it contributes to changes in the structure when operating
in pressurized systems.
2.3.2 Water permeance and reverse salt permeability coefficient
Table 2.2 reports the water permeance and the reverse salt flux of the
SW30HRLE membrane and the recomposed control membrane prepared by peeling off
the nonwoven polyester backing and repositioning it. The results of the control
experiment show that it is possible to peel the porous support layer off a commercial
membrane without significantly affecting the water permeance of the skin layer.
However, there was an increase in the reverse salt permeability coefficient, which is
attributed to small (non-visible by direct observation) defects produced during the
process. The values reported for the nonwoven control membrane were used in Eq. 2.6 to
estimate the experimental structural parameter.

Table 2.2. Water permeance (A) and reverse salt permeability (B) coefficients obtained by reverse osmosis
testing of as-received SW30HRLE membrane and recomposed SW30HRLE membrane coupons, in which
the support with active layer of the as-received membrane was isolated by peeling it from the nonwoven
polyester backing and then repositioned onto the original backing.

Membrane
As-received
SW30HRLE
Recomposed
SW30HRLE

Water Permeance
(LMH/bar)

Reverse salt
permeability coeff.
(LMH)

0.47 ± 0.04

0.31 ± 0.10

0.49 ± 0.01

0.47 ± 0.10
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2.3.3 Intrinsic structural parameter of the polyester backings
Before evaluating the experimental structural parameter, the intrinsic structural
parameter (i.e., S = tτ/ε) was evaluated for every type of polyester backing used. In the
case of the nonwoven, Manickam et al. [88] showed by micro X-ray microscopy that the
porosity of polyester nonwovens in commercial membranes varies along the thickness.
They showed that it can range from about 10% to 60%. Additionally, by the same means,
they estimated the tortuosity of commercial membranes to be near 1.3. We selected these
values as the porosity range and the tortuosity of the nonwoven polyester backing.
On the other hand, the porosity of polyester woven mesh was calculated using two
methods. The first assumes that the porosity is equivalent to the relative open area of the
woven mesh estimated by Eq. B1 (Appendix B). The second assumes that the woven
mesh is enclosed in a cuboid with a top surface area of 1 in2 as shown in Figure B.3 and
Eq. B2. Details about the methods and equations used are presented in the Appendix B.
Figure 2.6a shows the estimated porosity values for each polyester backing. In the case of
woven mesh, the lower estimate of porosity is given by the relative open area, as it
considers only straight voids. Nonetheless, this calculation is on average 20% higher than
the minimum value obtained by micro X-Ray microscopy [88]. The estimation calculated
by assuming a cuboid structure on average gives values of porosity closer to the
maximum reported for the nonwoven from Manickam [88]. In general, the variability in
the porosity is expected to be less in the organized woven structure than in the nonwoven.
The tortuosity for the woven structures was assumed to be 1.
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Figure 2.6. (a) Comparison of estimated porosity of the polyester backing using data from micro x-ray
microscopy [88], the relative open area (Eq. B1), and the relative void volume (Eq. B2). (b) Measured
thickness. Error bars indicate instrument error.

Figure 2.6b shows the measured thickness of the polyester backing layers. Only
the #325, #635, and 7 µm woven polyester backings were thinner than the original
nonwoven polyester backing of the SW30HRLE membrane. On the other hand, woven
mesh #60 and #80 had considerably greater thicknesses than the commercial nonwoven
polyester backing. This observation, and the fact that opening sizes larger than 125 µm
(mesh #120) would not provide high enough burst strength, suggest that standard woven
mesh with a mesh size #80 or lower are not suitable to be used as polyester backing for
TFC PRO membranes for high salinity gradient applications.
2.3.4 Experimental membrane structural parameter
Figure 2.7 presents the experimental structural parameter calculated using the Bui
model [37] and the previously determined transport properties and operating conditions.
The structural parameter obtained experimentally for the overall membrane was reduced
from 35% in the case of the 7 μm mesh to 74% for the #325 mesh, when compared to the
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overall membrane when using the nonwoven polyester backing. The structural parameter
reached a minimum value when the opening size of the mesh was 45 μm (mesh #325),
and then increased dramatically when this value was decreased. This finding can be
explained by the fact that both the open area and the void volume are lower for mesh
#635 and 7 μm (Figure 2.6a); thus, the effective path for solute diffusion increased. Also,
it is noticeable that the variability in the cases of mesh #60, #80, and #200 was higher
than the others. This variability most likely is due to the increased stresses on the
SW30HRLE coupon when using more open woven mesh polyester backing, which can
lead to changes in A and B, and therefore the model-estimated S.

Figure 2.7. Intrinsic structural parameter of different polyester backings and experimentally-obtained
structural parameter of SW30HRLE coupons using different polyester backings. The intrinsic values were
calculated using the reported tortuosity, measured thickness, and porosity range. The experimental values
were obtained by fitting osmotic water flux data to the Bui model [37].

Figure 2.7 also shows the intrinsic polyester backing structural parameter
calculated with the previously-established values for porosity, tortuosity and thickness.
The error bars represent the structural parameters calculated with the maximum and
minimum values for porosity. A minimum value was reached when using the #325 mesh.
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This finding again is a coupled effect of its low thickness and relatively high porosity. In
every case (except 7μm mesh), the intrinsic structural parameter of the polyester backing
was lower or equal than the one obtained experimentally for the overall membrane. This
finding suggests that the structural parameter of the individual layers could be additive, as
some portion of the experimental membrane value would be represented by the polyester
backing.
We estimated the porous support layer structural parameters assuming additivity
of the individual contributions of each porous layer of the membrane (i.e., Smembrane =

Ssupport + Sbacking). The average estimated value using a woven mesh is around 240 μm;

however, the estimated value for the nonwoven case is more than double that value. This
suggests that, in the case of the nonwoven support, its actual contribution to the overall
structural parameter of the membrane is probably higher than estimated, due to the less
porous planes within its structure, as previously shown by Mackinam et al. [88]. On the
other hand, the actual contribution by the most open polyester mesh backings (#60 and
#80) to the overall structural parameter of the membrane is probably lower than
estimated, due to the possibility of flow-induced mixing within these structures. In fact,
She et al. obtained experimental membrane structural parameters as low as 400 μm, using
TFC membranes supported on woven mesh having opening sizes around 200 μm and an
overall membrane thickness of 440 μm [66]. These observations also support previous
efforts that suggest that the pore (opening) size plays a role in the performance of FO and
PRO [21,22,91]. We submit that woven mesh supports with large opening sizes will
perform best in applications that require limited mechanical support; whereas, mesh with
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small opening sizes and high open area (such as #325) are most suitable for providing the
high levels of mechanical support needed for TFC PRO membranes.
The intrinsic structural parameter of the porous support layer was calculated
(Ssupport, intrinsic = 347 µm) using reported values for porosity and tortuosity (ε = 30%, τ =
1.3) obtained by micro X-ray microscopy [88] for commercial Dow membranes (such as
SW30HRLE), and the measured thickness (t ≈ 80 µm). The average value of the
estimated results (Ŝsupport, estimated = 280 µm) and the considerably uncertainty in these
results (± 460 µm), suggest that at 90% confidence the maximum value for structural
parameter of the porous support layer is around 510 µm. We attribute this variability to
the different degrees of deformation that occur when operating with different polyester
backings (Figure 2.5), as well as the high uncertainty in the porosity contribution (Figure
2.6a), and the pore/opening size contribution not covered by the model [91].
Nevertheless, the difference between the intrinsic and average estimated value is low and
suggests that, in the case of the SW30HRLE, at most 40% of the overall structural
parameter of the membrane is provided by the polysulfone porous support layer, with the
rest attributed to the nonwoven polyester backing. We also submit that the detrimental
effects of spacers with smaller opening sizes can be explained by assuming the additivity
of the structural parameter (i.e., Smembrane = Ssupport + Sbacking + Sspacer).
If we define the structural parameter as a measure of the effective diffusion length
through the membrane structure [87], then it would be expected that the experimentallyobtained value of S is the same order of magnitude as the height of the membrane cell
flow channel (2350 µm in our case). However, previous analyses have shown orders of
magnitude differences between the estimated and intrinsic values for S [96], using current
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models [36,37]. We believe that our results show that the layers of commercial TFC
membranes have individual contributions (possibly additive) to the overall resistance to
mass transfer, and these can be accounted for by means of the structural parameter
obtained by osmotic flux measurements. Also, these experimental results closely match
the intrinsic values measured and reported recently based on direct physical
characterization of the structure of commercial TFC membranes [88,89]. Nonetheless, the
porosity has been found to be the variable that generates the most uncertainty. Other
factors not covered in current models that contribute to uncertainty are pore size and pore
size distribution of the support [91] and opening sizes of the polyester backing and spacer
[21,22]. Finally, we submit that order of magnitude variances in the structural parameters
can be associated with different practices and setups used to measure the osmotic water
flux, despite the important effort of Cath et al. [57]. Elements such as membrane cell
channel dimensions, the number of spacers, and the opening size of the spacers are
important to define in the standard test setup used for evaluating membrane structureperformance relationships.
Finally, Figure 2.8 shows estimations from Eqs. 2.5 and 2.6 of the achievable
power density at 2500 kPa in a PRO system using 1 M sodium chloride as draw solution
and deionized water as feed solution. Replacing the original nonwoven polyester backing
with a woven mesh increased the obtainable power density from a SW30HRLE
membrane by 38% on average, and 48% for the best case when using mesh #325 as
polyester backing (reaching 12.5 W/m2). These values appear to be conservative, as the
salt reverse flux permeability coefficient was consistently higher in our experiments than
others reported previously for similar commercial TFC membranes [97].
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Figure 2.8. Bui model [37] estimation of power density at 2500 kPa using 1 M sodium chloride as draw
solution, deionized water as feed solution, and different polyester backings.

2.4 Conclusions
Woven polyester mesh with variable opening sizes were used as the backing for
TFC membranes. Firstly, it was shown that films fabricated with woven polyester mesh
backing withstand stresses similar to those experienced by a commercial desalination
TFC membrane (SW30HRLE). Therefore woven polyester mesh backings are suitable to
provide the mechanical strength needed for PRO applications. Secondly, it was shown
that the burst pressure of the porous support layer is inversely proportional to the square
of the opening size of the backing. A simple model based on a three-point bend test
revealed that reducing this layer thickness by 50% requires an increase in strength of
300% to attain the same burst pressure, using the same opening size polyester backing. It
was found that a polyester backing with an opening size of 125 µm or lower is able to
provide enough stability to a commercial SW30HRLE porous support layer when
operating at 2750 kPa or lower transmembrane pressure.
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Finally, it was found that the nonwoven backing contributes a high percentage of
the total structural parameter in the case of the SW30HRLE commercial membrane. Also,
it was noted that the intrinsic structural parameter of each layer seems to be additive, and
intrinsic values can be used to determine sources of mass-transfer resistance. The
structural parameter of a commercial SW30HRLE membrane was reduced by 74% using
a woven mesh #325 as polyester backing, yielding a 48% improvement in power density.
These findings support the idea that mass-transfer resistances in osmotic-driven processes
like PRO are an additive effect of the multiple layers that compose a membrane (or
module) and can be reduced by using more open (yet functional) backing layers such as
polyester woven mesh.
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CHAPTER THREE:
ROLE OF NANOCOMPOSITE SUPPORT STIFFNESS ON THIN-FILM COMPOSITE
MEMBRANE WATER PERMEANCE
[As published in Membranes (Basel). 8 (2018) 111 with minor revisions]
3.1 Introduction
Seawater desalination and water reclamation via reverse osmosis (RO) are
processes with high specific energy consumption [11,26]. RO energy costs can be
reduced by combining this unit operation with other membrane technologies, such as
pressure-retarded osmosis (PRO) or forward osmosis (FO) [5,11–13]. The removal of
larger molecules (compared to the salt in seawater) from water is obtained at lower
energy expense via nanofiltration (NF) [98]. Thin-film composite (TFC) membranes are
used widely for RO and NF, and they have been studied for PRO and FO applications.
Figure 3.1 shows a schematic representation of a TFC membrane and common values for
thickness, pore size, and the chemistry of each component layer.
The performance of TFC membranes is commonly evaluated by measuring
transport properties such as water permeance (A), salt reverse flux coefficient (B), and
the structural parameter (S) [36,99]. Examples of strategies to improve these properties
are surface modifications (e.g. patterning and coating), structure-controlled fabrication
(e.g. laser etching and slow coagulation), and the use of additives [100]. The latter
involves the incorporation of organic and/or inorganic materials, either in a liquid or solid
state, to form a mixed matrix or composite structure that benefits from the properties of
both materials [86].
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Figure 3.1. Schematic of a thin-film composite (TFC) membrane, and typical characteristics of its layers.
Blue dots and lines represent water molecules and flow direction. Purple dots represent solute molecules.

The incorporation of carbon nanomaterials has been investigated to improve TFC
membrane performance [101]. Alberto et al. [102] fabricated thin films using PIM-1 and
functionalized graphene oxide nanosheets to create a separation layer on TFC membranes
for n-butanol recovery from water via pervaporation. They found that adding 0.05% of
graphene oxide increased the water flux through the membrane. Lai et al. [103] deposited
an interlayer of graphene oxide nanosheets between the polyamide and support layers of
a TFC nanofiltration membrane. They showed an enhancement of 31.4% in the water
permeance of the membrane, which was attributed to the increased hydrophilicity of the
membrane. Lee et al. [104] used thickness-controlled graphene oxide and polysulfone
(PSf) to fabricate composite support layers for TFC membranes. The authors showed that
the mechanical properties of the support increased up to 1.0% of carbon loading, and then
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decreased at higher loading, due to the facile agglomeration of graphene oxide sheets and
the high porosity of the PSf supports.
More specifically, for the case of multi-wall carbon nanotubes (MWCNTs), Zhao
et al. [105] showed that increased loading of MWCNTs in the active layer of a TFC RO
membrane modified its structure and led to higher water flux with minimal decreases in
the rejection of sodium chloride. Son et al. [106] chemically functionalized carbon
nanotubes and incorporated them into the support layer of a TFC membrane for
desalination. This approach led to increased hydrophilicity and improved organic fouling
resistance of the TFC membrane, due to the positive charge of the composite structure.
Later, they showed that CNT-induced porosity also played a role in increasing water flux
through the membrane [107]. Kim et al. [108] incorporated MWCNTs up to 5.0 wt % in
the support layer of a TFC membrane, yielding enhancements of up to 20% in pure water
permeability. The enhancements were attributed to the hydrophilicity of the modified
MWCNTs and the selective flow through the MWCNT nanopores. Song et al. [109]
conducted FO experiments with double-skinned TFC membranes loaded with MWCNTs
in the active layers. These membranes displayed a higher water flux than membranes
without MWCNTs. Additionally, MWCNT-loaded membranes showed a higher recovery
flux after three cycles of fouling and cleaning.
More recently, Lee et al. [110] fabricated MWCNT–polyaniline complexes and
introduced them into a polyethersulfone (PES) ultrafiltration membrane to remove natural
organic matter (NOM) from water. Addition of these complexes increased porosity,
narrowed pore size distribution, increased hydrophilicity, and introduced a positive
charge to the PES membrane, factors that resulted in higher water permeance and a
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fourfold higher NOM rejection (80%) than pristine PES membranes. Finally, Shawky et
al. [111] performed measurements of mechanical properties of a composite membrane
made with MWCNTs grafted onto the polyamide selective layer, obtained by reacting mphenylenediamine and isophthaloyl chloride. They found proportional increases of the
Young's modulus and tensile strength of the membranes with the addition of MWCNTs.
In addition, the MWCNT incorporation increased the hydrophobicity and both the
sodium chloride and organic matter rejection of the membrane.
In all of these reports, incorporation of MWCNTs led to improved water
permeance without compromising rejection. However, this effect has been attributed in
many cases to changes in chemistry, even though similar results have been obtained with
opposite trends in hydrophilicity. We espouse the view of Wang et al. [71] that
membrane mechanical properties also influence membrane performance. The mechanical
properties of MWCNTs and their behavior in polymer composites have been investigated
over the last three decades [112–115]. Also, a relatively recent development is the
creation of helically coiled carbon nanotubes (HCNTs), and there has been much less
inquiry into the properties of these materials when used in nanocomposites. Vertically
aligned arrays of HCNTs and MWCNTs have both been shown to have excellent
compressive properties [116,117], which may be important for pressure-driven
membrane applications. Wang et al. [71] reviewed the importance of knowing
mechanical properties to estimate the failure mechanisms and loss of dimensional
stability of the membranes. They presented the most widely used mechanical
characterization techniques in membrane science, and discussed how mechanical
properties relate to membrane performance.
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Based on the overall literature review, we hypothesize that changes in the
composite structure and stiffness due to CNT incorporation play a vital role in the
improved performance in TFC membranes with these additives. The overall structure of a
composite support is related intrinsically to its mechanical behavior, but data on the
mechanical properties of nanocomposite membrane supports that include CNTs usually
are not presented. Additionally, comments on the orientation or shape of the CNT
additives, and comparisons with other types of CNTs are rarely reported. No data have
been presented when using HCNT membrane composites.
To address these knowledge gaps, a study was done to understand the role(s) of
the addition of CNTs (MWCNTs and HCNTs) in the structural stiffness of porous
polymer films prepared via wet phase inversion and used as supports for the fabrication
of TFC membranes. Mechanical stiffness was evaluated using tensile tests (Young’s
modulus) and penetration tests. A model was developed and used to analyze the Young’s
modulus of our porous nanocomposite membranes and other composite membranes. The
effect of the mechanical stiffness of the nanocomposite support on TFC membrane water
permeance under compression was studied.
3.2 Experimental
3.2.1 Materials
Matrimid® 5218 US (from here Matrimid) was kindly provided by the Huntsman
University Program (Huntsman Corporation, The Woodlands, TX, USA). Ferrocene
(98%), hydrogen peroxide (30 wt % in water), m-phenylenediamine (MPD, flakes, 99%),
n-hexane (anhydrous), N-methyl-2-pyrrolididone (NMP, ACS reagent, 99%), nitric acid
(ACS reagent >90%), poly(ethylene glycol) Bio-Ultra 400 (PEG 400), o-xylene (reagent
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grade), sodium chloride (NaCl, BioXtra, >99.5% (AT)), sodium hypochlorite solution
(NaClO(aq), reagent grade, available chlorine 10–15%), and trimesoyl chloride (TMC,
98%) were purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Indium
isopropoxide (99.9%) and tin isopropoxide (99%) were obtained from Alfa Aesar
(Haverhill, MA, USA). Sodium bisulfite (NaHSO3, reagent grade, granular) was
purchased from Fisher Science Education (Thermo Fisher Scientific, Waltham, MA).
Deionized (DI, 18 MΩ cm) water was prepared using a Milli-Q water purification system
from Millipore-Sigma (Billerica, MA, USA). MWCNTs with nominal dimensions of 50
nm diameter and 20 µm length were purchased from Cheap Tubes Inc. (Grafton, VT,
USA).
CNT synthesis and dispersion details are given in Appendix D. MWCNTs and
HCNTs samples underwent the same treatment before final dispersion in NMP. The
nanotubes were sonicated in 3 M nitric acid for 30 min followed by boiling for 2 h while
stirring. Boiling was carried out in a hood with adequate ventilation and personal
protective equipment. This process was then repeated with 30% hydrogen peroxide
solution before the nanotubes were filtered and rinsed thoroughly with water. They were
dried before dispersing in NMP.
3.2.2 Fabrication of TFC membranes with nanocomposite supports
3.2.2.1 Casting nanocomposite supports with carbon nanotubes and Matrimid
For casting nanocomposite supports, dope solutions were prepared using a
constant formulation of 18% polymer, 16% PEG 400, and 66% NMP (all in weight
percent). This formulation was based on previous studies using Matrimid as described by
Han et al. [49]. CNTs were added as a dispersion in NMP. Han et al. also showed that
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Matrimid, under proper conditions, can form fully sponge-like cross-sectional structures.
On the other hand, when Hoek and coworkers [78] investigated the use of
nanocomposites made with several nanoparticles and PSf, scanning electron microscopy
(SEM) imaging of the cross-sections showed that PSf supports tend to form macrovoids.
Therefore, we chose Matrimid for its sponge-like structure, with the goal being to
increase the contact between the polymer and CNTs, and to improve the mechanical
stress transfer [95]. The masses of pure NMP and CNT dispersion were adjusted to keep
the NMP content at 66 wt%. The load of CNTs ranged from 0 to about 2 wt % with
respect to the Matrimid (i.e., in the polymer matrix). All materials were placed in 250 mL
Erlenmeyer flasks, sealed with stoppers and parafilm, and heated in a glycerol bath at 70
°C with magnetic stirring at ~100 rpm overnight. After mixing, the stirrer was recovered
and the solution was left in the bath until air bubbles were not visible. The dope solutions
were then cooled to ambient temperature.
Nanocomposite supports were produced by phase inversion in a non-solvent bath
(DI water). For samples prepared at low humidity, a home-built glovebox with a nitrogen
purge was used to reduce the relative humidity of the environment in contact with the
polymer solution below 15%, measured with a humidity indicator (Extech 445814,
Extech Instruments, Waltham, MA, USA). A film of dope solution was cast over a glass
substrate using a Teflon-coated Microm II Film Applicator (Paul N. Gardner Company,
Inc., Pompano Beach, FL, USA) at a fixed height of 178 µm. The film was taken out of
the glovebox and immediately submerged into the coagulation bath, where the solvent
and the pore former diffused towards the non-solvent, leaving a composite polymer film.
The coagulation bath was set at room temperature, measured to be 22 ± 2 °C.
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3.2.2.2 Fabrication of TFC membranes by interfacial polymerization
A polyamide selective layer was formed on top of the nanocomposite supports. A
2.0 wt % MPD solution in DI water and a TMC solution (0.15 g TMC in 100 mL of nhexane) were prepared and mixed for at least 3 h. Nanocomposite support coupons were
taped on top of glass slides without drying, with the less porous side facing outward. The
coupon was submerged into the MPD solution for 2 min, removed from the solution, and
excess liquid was removed using a rubber roller. After that, the coupon was submerged
into the TMC solution for 1 min, removed from the solution, and allowed to rest for 2
min. An annealing process described by Lind et al. [47] was used in which the membrane
taped to the glass slide was submerged in water at 90 °C for 2 min. After annealing, the
tape was removed and the TFC membrane was submerged for 2 min in 0.1 wt % sodium
hypochlorite solution in water, and then into a 0.1 wt % sodium bisulfite solution in water
for 30 s. Finally, the membrane was rinsed in water at 90 °C for 2 min and stored in DI
water prior to testing.
3.2.3 Materials characterization
3.2.3.1 MWCNTs and HCNTs
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
was used to check for the presence of chemical groups after functionalization of CNTs. A
Thermo Scientific bench-scale Nicolet 6700 FTIR was used, equipped with a Thermo
Spectra Tech Endurance Foundation Series Diamond AT (Thermo Fisher Scientific,
Waltham, MA, USA). For each measurement, 128 scans were performed at a resolution
of 4 cm-1, always with auto-gain beam intensity.
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SEM was used to measure the dimensions, and to visualize the morphology of the
CNTs. Samples were dispersed, mounted, and sputtered with gold–palladium using an
ANATECH HUMMER® 6.5 (Anatech Limited, Denver, NC, USA). A Hitachi S4800
field emission scanning electron microscope (Hitachi Limited, Tokyo, Japan) was used to
create micrographs with an accelerating voltage of 20 kV.
3.2.3.2 Nanocomposite supports and TFC membranes
Thickness was measured using a Mitutoyo 293-340-30 Digital Micrometer
(Mitutoyo Corporation, Kawasaki, Japan) with a cylindrical borosilicate substrate
between the probe and the membrane to distribute the load. Eight measurements were
taken per support.
Sessile contact angle measurements were done using a KRÜSS DSA 10 Mk2
goniometer (KRÜSS GmbH, Hamburg, Germany) with Drop Shape Analysis software
(version 1.80.0.2). Samples were attached to a microscope slide using double-sided tape,
making sure to keep the surface flat. Prior to measurements, nanocomposite supports
were pat-dried with a lint-free Kimwipe®, and they were left to dry further under ambient
conditions for 4 h. Three-and-a-half microliters of DI water were placed onto the support
and allowed to equilibrate for 30 s. Six measurements were made per sample.
The porosity (ε) was estimated using mass differences between a wet membrane
(mwet) and a dry membrane (mdry). DI water was used as the wetting agent because it does
not swell the membrane, and it does not evaporate appreciably during the timeframe of
the measurement. A wet sample was placed between lint-free Kimwipes® to absorb
excess water on the surface, the sample was weighed, and then it was dried to a constant
weight in an oven at 80 °C overnight. Eq. 3.1 was used to estimate the porosity. Four
69

measurements were conducted for each sample. The symbol ρ represents the density of
each material.
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Tensile strength and Young’s modulus of the supports were measured using an
INSTRON 1125 Universal Testing Machine (Instron, Norwood, MA, USA). A 2 kg load
cell was used, the gap within the clamping device was kept at 100 mm, the width of
samples was 10 mm, and the pulling rate was 10 mm min-1. These conditions were based
on the ASTM D882-12 standard used for plastic sheeting with thickness below 1 mm
[92]. Five measurements were made per sample. The balance load and distance between
jaws were recorded.
The reduced modulus and the deformation of nanocomposite supports upon
compression were evaluated using a TA Instruments TMA Q400 Machine (TA
Instruments Inc., New Castle, DE, USA) with a penetration probe. The contact diameter
of this probe was 0.89 mm, which applies a pressure of 16 bar when the force is 1 N. Two
different two-stage compression programs were used. The first program consisted of a
force ramp from 0.05 N to 1.2 N (maximum limit of the instrument) at 1 N min-1, a force
release back to 0.05 N at the same rate, and a second compression to 1.2 N again at the
same rate. The second program was similar to the first one, but 1 min of rest time was
added between the force ramp changes. The objective of the second program was to
evaluate the deformation behavior at constant compression stress. The temperature was
initially set at 22 °C and held constant for 1.5 min before starting the force ramp. Four
measurements were taken using wetted nanocomposite support samples, and the load and
sample thickness (h) were recorded. The total test time was 3.5 min for the first program
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and 5.5 min for the second program. The reduced modulus was calculated as the initial
slope when the plotting compressive stress (σ) versus the relative change in thickness of
the support during the compression stage i, as shown in Eq. 3.2.
𝑑𝑑𝜎𝜎

(3.2)
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ATR-FTIR with the previously mentioned instrument was used to observe
changes in the nanocomposite support, due to the addition of treated CNTs. Four dry
samples were analyzed per load and type of CNTs. Sixteen scans were performed at a
resolution of 4 cm-1, always with auto-gain beam intensity.
SEM with the previously mentioned instrument was used to study the crosssectional areas of different nanocomposite supports. Samples were flash-frozen in liquid
nitrogen, cracked, mounted, and sputtered with gold-palladium. The accelerating voltage
was 10 kV.
3.2.4 TFC membrane performance testing
3.2.4.1 Nanocomposite support pure water permeance
The pure water permeance of nanocomposite supports was assessed with directflow filtration using a Sterlitech HP4750 Stirred Cell (Sterlitech Corporation, Kent, WA).
A support coupon was tested at four different pressures (up to 138 kPa). Measurements
were done three times in the order of increasing pressure, then decreasing pressure, and
finally increasing pressure again. The water flow rate was recorded over time, and the
pure water permeance was calculated as the slope of the water flux versus the pressure
plot. Three nanocomposite support coupons were tested per load and type of CNTs. The
measurement duration was 35–40 min.
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3.2.4.2 Two-stage water flux measurements
Water flux changes during pressure step changes were measured in a lab-built
apparatus. The piping and instrumentation diagram was reported previously [118].
To determine the effect of the addition of CNTs on water flux upon compression,
a 2000 ppm solution of NaCl was recirculated through the membrane cell with an
installed membrane coupon at 1 L min-1 and 862 kPa. Permeate flow rate was measured
until it stabilized (i.e., a constant mass flow rate was observed for 15 min), and then the
flow rate was measured over the course of two pressure cycles. Each cycle comprised the
operation of the cell at P1 = 1380 kPa for 15 min, reducing the pressure to P2 = 862 kPa
for 15 min, and returning the pressure to 1380 kPa to start the next cycle. These pressure
values were selected because they are above the osmotic pressure of the feed solution
(~170 kPa), and compared with the stress values applied in the TMA penetration test,
which was used at its upper limit. Five liters of fresh solution were used to avoid
concentration build-up and fouling. Permeate flow rate was divided by the exposed
membrane area (~610 mm2) to obtain the water flux (Jw). In these experiments, the
starting time (t = 0 min) was defined as 15 minutes before the first pressure cycle. At this
time, permeate was collected for salt rejection measurements. Three TFC membrane
coupons per load of CNTs were tested. A similar experiment at one pressure has been
used by Pendergast et al. [79] to measure the loss of permeability due to physical
compaction in composite supports comprising PSf and zeolite A.
The experiment described above was designed to recreate a similar compressive
load to the one used in the TMA penetration tests. The purpose of the first pressure step
was to condition the membrane by compressing the support layer and fully wetting the
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structure, whereas the purpose of the second pressure step was to measure the membrane
performance. The change in the water permeance (A, Eq. 3.3) for each measurement was
used to determine the changes due to compaction. The compared values were the average
permeance in the second cycle at P1 and P2. The permeance was selected instead of water
flux to compare results at different pressures. Eqs. 3.4 and 3.5 were used to compute the
NaCl rejection (R) and the change in permeance after compression. In these equations, i
is the Van′t Hoff factor, c is the concentration of sodium chloride of the feed and
permeate (measured by conductivity), Ru is the universal gas constant, T is the test
temperature, and P is the pressure at the level j (1, 2) in the cycle k (first or second). The
measurement duration was 90–100 min.
(3.3)
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3.3 Results and Discussion
3.3.1 CNTs synthesis

Figures 3.2a,b show SEM images of HCNTs and MWCNTs. MWCNTs have a
cylindrical shape, with random slight curves; whereas HCNTs show a coiled tube
structure. By analyzing these images, it was determined that the MWCNTs are short (less
than 20 μm) compared to HCNTs (approximately 100 µm). MWCNTs have a diameter of
~80 nm, while HCNTs are much narrower at only 20 nm with a pitch ranging from 400 to
600 nm. The diameter of the HCNT coils is commensurate with the pitch, being ~400 nm
wide. Despite differences in their shape, both show a high aspect ratio that is beneficial
for the creation of structural composites. Figure 3.3 presents spectra obtained by ATR73

FTIR of nanocomposite supports with different CNTs loads. It has been argued that
favorable interactions of CNT surface functional groups with water increases the flux
through the films [106,108,110]; however, in our case, the low amount of CNTs (≤2 wt
%) added to the films showed no noticeable changes in the IR spectra (i.e. chemistry) of
the nanocomposite supports.

Figure 3.2. Scanning-electron microscopy (SEM) images of (a) helically-coiled carbon nanotubes (HCNTs)
and (b) multi-walled carbon nanotubes (MWCNTs).

Figure 3.3. ATR-FTIR spectra of composite supports with different CNT loads.

3.3.2 Nanocomposite support and TFC membrane characteristics
Figure 3.4a presents the water permeance (in L·m-2·h-1·bar-1, LMH·bar-1) of
Matrimid films cast at 32% relative humidity (RH) and different times before wet phase
inversion. The permeance decreases considerably by contacting the polymer solution film
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with a humid environment before immersion. This result could be explained by the
reduced number of interconnections among cells inside the film cross-section and the
clogging of pores at the top surface. Nonetheless, Lee et al. [104] have shown that
supports fabricated via wet phase inversion with larger surface pore size (higher water
permeance) have a lower strength and Young’s modulus.
Figure 3.4b shows the tensile strength and Young’s modulus of Matrimid films
cast at 32% RH and at different times before wet phase inversion. Both mechanical
properties showed a statistically significant (90% confidence interval) increase by
contacting the polymer solution film with a humid environment before immersion (except
the Young’s modulus at 0.5 min). In this case, the elimination of macrovoids is
considered to be responsible for the improvement in the mechanical strength of the
membrane. Similarly, Guillen et al. [119] showed that films made with a PSf solution in
DMF can readily absorb atmospheric water (nonsolvent), which causes the formation of a
barrier that prevents macrovoid formation. These observations support the idea that a
reduction in the concentration gradient of the solvent between the interface of the
polymer solution and nonsolvent promotes the formation of macrovoid-free films. A TFC
membrane support layer can be tuned to achieve a strong, macrovoid-free film; however,
it must also be a fully interconnected structure to have an acceptable water permeance. In
this work, we decided to cast films using low RH by operating in a nitrogen-purged
glovebox to produce supports with interconnected pores. Although it was not within the
scope of this project, we believe that the RH and the amount of nonsolvent can be tuned
to obtain porous polymer films with the above-mentioned characteristics.
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Figure 3.4. (a) Permeance of Matrimid films cast at different times in a humid environment. (b) Tensile
strength of Matrimid films cast at different times in a humid environment. SEM image insets show the
cross-sections of the Matrimid films.

Figure 3.5a shows SEM images of the nanocomposite support cross sections. The
structure depends strongly on the relative humidity and times before the wet phase
inversion. At low relative humidity and fast immersion, the cross-section tends to be
uniform, and it shows a sponge-like structure. When the RH is above 30% and the time
between casting and phase inversion is 30–60 s, the formation of macrovoids is observed.
However, if the film is left in a humid environment for 30 min prior to phase inversion,
another fully sponge-like structure is observed. For the latter case, the pores in the cross
section appear to be larger and less interconnected than in the first case. Because the
polymer concentration and casting thickness was kept constant, it was expected and
observed that macrovoids would lead to an increased thickness. Figure 3.5b shows the
SEM images of the nanocomposite support cross-sections in the zone of failure after
tensile testing and after freeze cracking. For both supports, there is a decrease in the
thickness from before tensile testing to after testing, due to the tensile stress.
Additionally, there is a generalized increase in the roughness in the sponge-like cross76

section due to failure, whereas this effect is localized around the macrovoids in the
finger-like structure. For supports with finger-like structures, there is a reduction in the
effective cross-sectional area where the load is applied during a tensile test. This implies
that the stress on the sample is greater at the same load for supports with a finger-like
structure, making them more susceptible to failure.

Figure 3.5. (a) Cross-sectional SEM images of Matrimid films cast at different times in a humid
environment. (b) SEM images of films with sponge-like and finger-like structures after tensile testing and
freeze-cracking.
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Figure 3.6. Cross-sectional SEM images of supports as fabricated.

Figure 3.6 shows SEM images of the cross-section and pore structure of the
fabricated Matrimid films (no CNT load) and nanocomposite supports. Matrimid films
typically had fewer (or no) macrovoids compared to nanocomposite supports. It has been
proposed that particle addition in a nanocomposite support promotes the formation of
macrovoids, due to hindered diffusion of the solvent, created by the fillers, during the
phase separation [120]. Accordingly, we believe that the formation of macrovoids in our
nanocomposite supports can be attributed to the CNT fillers. On the other hand, the pore
structure was fully interconnected and similar for all cases. This was expected based on
findings from Figure 3.4a, as the casting was done at low humidity. CNTs were seen at
different positions along the cross-section, and they were usually parallel to the plane of
the film. This orientation results from the drag of the doctor blade during the polymer
solution casting. Some agglomeration was seen in films with HCNT loading, probably
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because of the higher contact area and entanglement between individual CNTs, due to the
coiled nature of their growth.
Table 3.1. Properties of nanocomposite supports. The uncertainty values represent a 95% confidence
interval.
Contact
Tensile
Young’s
Thickness Porosity
PWP
Angle
Strength
Modulus
Support
-1
(µm)
(%)
(LMH bar )
(°)
(MPa)
(MPa)
Matrimid
72 ± 5
56 ± 6
81 ± 1
208 ± 33
5.73 ± 2.23
189 ± 29
MWCNTs 0.5
115 ± 2
76 ± 2
78 ± 6
217 ± 41
5.79 ± 1.13
223 ± 23
MWCNTs 1.0
74 ± 8
69 ± 4
84 ± 2
220 ± 23
6.34 ± 0.90
225 ± 50
MWCNTs 2.0
84 ± 4
72 ± 4
86 ± 4
266 ± 25
6.67 ± 1.75
221 ± 45
HCNTs 0.5
93 ± 4
74 ± 1
78 ± 6
228 ± 97
6.19 ± 1.79
215 ± 50
HCNTs 1.0
94 ± 12
74 ± 1
78 ± 4
379 ± 199
6.00 ± 1.04
215 ± 57
HCNTs 2.0
99 ± 15
74 ± 2
77 ± 4
136 ± 48
6.44 ± 4.68 251 ± 113

Table 3.1 presents the average values of thickness, porosity, contact angle, pure
water permeance (PWP), tensile strength, and Young’s modulus of the nanocomposite
supports. Thickness and porosity increased upon addition of CNTs. We used a constant
amount of polymer to create a constant area of support; therefore, these changes are
attributed to the formation of macrovoids. The measured contact angle of the supports
showed no significant changes or trend upon addition of CNTs, mostly having an average
value of 80°, similar to the Matrimid films with no CNTs. This was expected, as no
changes in chemistry were observed with IR in the nanocomposite support, and any
variability obtained could be attributed to differences in the surface roughness and the
surface porosity [121]. The PWP of the nanocomposite supports was on average above
200 LMH·bar-1. Also, the PWP of the nanocomposite supports were not different at a
confidence interval of 95% when compared to the control (Matrimid). However, an
increasing trend in PWP was observed with increasing MWCNT loading, consistent to
the observations of Kim et al., who added MWCNTs to the PSf support [108].
Nevertheless, PWP values for the supports were two orders of magnitude higher than
79

TFC membranes made with MPD and TMC polyamide chemistry [47]; thus, any
variation in the water flux through TFC membranes cast using these nanocomposite
supports would be due to variations of the skin layer and/or differences in deformation of
the support due to compression.
The tensile strength of the nanocomposite supports was slightly increased (up to
16%) when adding MWCNT at 2% load (at a confidence interval of 90%, t-value
observed = 1.456, t-critical = 1.397 for DF=8 single-tail). However, this improvement in
strength was not enough to obtain high-strength nanocomposites, with strength
comparable to the one of a commercial TFC membranes (above 20 MPa, as shown in
Figure 2.2). HCNTs and MWCNTs have a high aspect ratio, which enhances the transfer
of mechanical stress from the polymer to the CNT. However, since CNTs are
discontinuous relative to the length of the nanocomposite flat sheets, there will be
unreinforced sections of the nanocomposites supports, which will lead to premature break
of the nanocomposite, and ultimately an unchanged low strength [122].
A model was developed to describe the Young’s modulus of the porous polymer
supports. Parameters for the model were determined by fitting experimental data for
Young’s modulus and porosity. Appendix E contains the model derivation. This model
provides a range of values for the Young’s modulus. Initially, values for the upper and
lower bounds were calculated using the Rule of Mixtures for the cases of axial and
transverse loading [95]. Figure E.1 (Appendix E) shows a schematic representation used
for the derivation of the model. Then, these bounds were corrected, taking into account
the aspect ratio of the filler and the porosity of the film. Eqs. 3.6 and 3.7 are the derived
upper and lower bounds for the Young’s modulus. Here, f is the volumetric fraction of
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filler, E is the Young’s modulus of the matrix (obtained from each reference) and the
filler (assumed 300 GPa for CNTs based on arbitrary scale reported by Salvetat et al.
[123]), η is the contact efficiency associated with the aspect ratio of the filler, φ is the
porosity of the membrane, and n is an adjustable parameter. Table E.1 contains the
nomenclature used for the model derivation. The predicted value represents the harmonic
average between the upper and lower bounds.
upper−bound

𝐸𝐸membrane

= �(1 − 𝑓𝑓)𝐸𝐸matrix + 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝑓𝑓filler �(1 − 𝜙𝜙)𝑛𝑛

lower−bound
𝐸𝐸membrane
= �𝐸𝐸

1−𝑓𝑓

matrix

+ 𝜂𝜂

𝑓𝑓

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸filler

−1

�

(1 − 𝜙𝜙)𝑛𝑛

(3.6)
(3.7)

Firstly, the model was used to fit the results obtained by Sedláková et al. [124] for
CNT/ethylene–octene copolymer membranes used for gas and vapor separations. Figure
3.7 shows that the values of Young’s modulus of the membranes made by Sedláková et
al. had a slight positive deviation from the predicted value, indicating a good contact and
orientation, probably due to the non-porous nature of the films fabricated. Values for the
nanocomposite supports fabricated in this work and membranes prepared by Shawky et
al. [111] using CNTs and aromatic polyamide were distributed around the predicted
harmonic average Young’s modulus. A similar observation was made using Young’s
modulus results as reported by Lee et al. [104] using PSf and thickness-controlled
graphene oxide. A porosity of 70% was used, and a value for n was regressed from fits to
experimental data. The values for n were 2.33 and 2.74 for the data obtained by Shawky
et al. and Lee et al., whereas our nanocomposite values led to a value of 2.23. Differences
in these values were most likely due to the different methods used for nanocomposite
support fabrication. We used wet phase inversion, while Shawky et al. used solvent
evaporation. Additionally, the higher variation in the results reported by Shawky et al.
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can be attributed to the use of a radical initiator during the mixing of the CNTs and the
polymer to create covalent bonds with the filler, something that the proposed model does
not consider. On the other hand, Lee et al. used wet phase inversion with PSf and NMP,
which produced nanocomposite supports with macrovoids. These macrovoids have a
detrimental effect on the modulus (i.e., higher n value).

Figure 3.7. Reported [104,111,124] and predicted Young’s modulus of nanocomposite supports fabricated
using polymer and carbon nanomaterials.

Overall, this model showed good agreement with experimental values of the
Young’s modulus of porous films, and it can be a useful tool to predict mechanical
properties of polymeric membranes. Further validation of the model will require
additional mechanical property data (tensile strength and Young’s modulus) for porous
membranes and membrane composites, which are ultimately important to understand
membrane performance and failure mechanisms [71]. The collection of such data using a
method such as ASTM D882-12 should become standard practice for new membrane
development efforts. The porosity, orientation, and the amount of filler used to make
composite membranes also should be reported in new membrane development efforts.
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Additional experimental measurements would reveal common values for n for different
polymer-filler combinations, improving the predictive nature of the model.
Figure 3.8 presents the improvement in the Young’s Modulus of nanocomposite
supports compared to the Matrimid films, as well as the predicted upper and lower
bounds. Both the variance and the average modulus increased upon addition of CNTs.
The increase in modulus was statistically significant at a confidence interval of 90% in
for both MWCNT and HCNT. The variance increased because the number of possible
orientations of the CNTs increases with increasing load. The experimental results best
matched the harmonic average of the bounds, in comparison to the arithmetic and
geometric averages. Finally, no significant difference between the types of CNTs was
found, most likely because both materials have similar modulus values, their aspect ratios
are sufficiently high to have an efficient stress transfer, and the orientation of both CNTs
types appeared to be parallel to the plane of the tensile test [125].

Figure 3.8. Relative change of the Young’s Modulus upon addition of CNTs to form the nanocomposite
support. Dashed curves represent the upper and lower bounds calculated using Eqs. 3.6 and 3.7. The solid
curve represents the harmonic average.
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Figure 3.9. Typical cross-sectional SEM images of TFC membranes using composite supports before and
after two-stage pressure stepping water flux measurements.

Figure 3.10 illustrates typical data from TMA penetration experiments that show
relative changes in thickness and compression stress over the test time period. On the
right are experiments with different CNT loads and a 1 min rest time before force ramps.
On the left are results without a rest time. The reduced modulus was evaluated using Eq.
3.2 for each penetration step. Reduced modulus values during the second penetration step
were always higher than the first penetration step, demonstrating that membranes
undergo irreversible deformation during operation, most likely related to the collapse of
macrovoids and some irreversible pore collapses. Thickness changes due to compression
stresses are also visible in Figure 3.9, which show cross-sectional SEM images before
and after two-stage pressure stepping water flux measurements. During the first
penetration step, the thickness change was on average 12% (~10 µm). CNT-free samples
showed the lowest change in thickness during this step, due to their lower content of
macrovoids. Experiments with rest time showed that slow deformation can continue
when the compression stress is kept constant. Partial elastic deformation of the
nanocomposite supports was observed as a thickness increase of ~2 µm in all samples
after releasing the compressive stress. These experiments suggested that ~20% of the
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initial deformation is reversible. Therefore, it is expected that during the first penetration,
the reduced modulus would be related largely to the overall cross-sectional structure;
whereas during the second compression, the reduced modulus would be related largely to
the material composition and porosity. Additionally, these thickness changes
corresponded to porosity reductions of 3-6% after the first compression. This range was
comparable to the uncertainty (95% confidence level) of the porosity measurement
(Table 3.1) which did not show a correlation with the nanocomposite support PWP.
Therefore, we believe that decrease in the water permeance of TFC membranes after the
initial compression was not likely to be associated with the macrovoids collapsing.

Figure 3.10. Example of typical TMA penetration experiment compressive stress and relative thickness
change results. (Left) without rest times and (right) with a rest time of 1 min in between force ramps.
Experiments start at stress and the relative thickness change equals zero.

Figure 3.11 shows the reduced modulus of nanocomposite supports fabricated at
different loads of MWCNTs and HCNTs. On the left are the values during the first
penetration, which show no significant difference between the reduced moduli obtained
with different types of CNTs. This finding is consistent with the assertion that the overall
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cross-section structure largely controls the initial mechanical behavior of the supports. On
the right are the values during the second penetration. A lower reduced modulus was
observed for samples with 0.5 wt % CNT compared with CNT-free supports (control,
with a confidence interval of 95% for both types of CNT). This is attributed to
differences in the support structure. CNT-free supports are almost fully sponge-like;
whereas, CNT-loaded supports have particle-induced macrovoids. At 0.5 wt % CNT,
there is insufficient CNT loading to overcome the detrimental effects of macrovoid
collapse, which does not occur for the CNT-free supports. However, there is an
increasing trend in the reduced modulus from 0.5 to 2.0 wt % of CNTs, equivalent to an
average increase of 75% within this range that is statistically significant (at 95%
confidence interval) when comparing samples with 0.5 and 2.0 wt% of both types of
CNT. This yielded a net increment of 18% (significant at a confidence interval of 95%)
relative to the CNT-free control only in the case of HCNT loaded films. These findings
support the idea that the addition of CNTs has the capability of increasing structural
stiffness of the nanocomposite support; however, the fabrication of fully sponge-like
microstructures (such as the films without CNTs) also has a pronounced effect on the
mechanical properties. Just like the tensile test results, the difference in the support
stiffness between using MWCNTs and HCNTs was not significant, compared to the load
of CNTs. Therefore, the following two-stage water flux measurement were done solely
with MWCNTs, because they are available commercially.
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Figure 3.11. Reduced modulus during the first (left) and second (right) penetration of Matrimid/CNT
nanocomposite supports fabricated using HCNTs and MWCNTs.

3.3.3 TFC membrane fabrication and performance
Interfacial polymerization was used to form a polyamide skin layer on the top of
nanocomposite supports. Figure 3.12 (left) shows an ATR-FTIR spectrum of a
nanocomposite support (bottom) and the active layer (top). Three peaks appeared after
the polymerization. These were at 1659 cm-1 and 1543 cm-1, assigned to amide bond
stretching, and a peak at 1611 cm-1 was assigned to aromatic ring stretching [126]. Figure
3.12 (right) shows SEM images of the top surface of TFC membranes and the
nanocomposite support. The supports have pores of less than 50 nm diameter, whereas
the TFC membranes had a characteristic ridge and valley structure of the polyamide
formed from interfacial polymerization of MPD and TMC. Figure 3.13 shows the SEM
images of the top surface after interfacial polymerization. No significant differences in
the morphology of the polyamide layer were found using different loads of CNTs in the
nanocomposite support.
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Figure 3.12. (Left) ATR-FTIR spectra comparison of TFC membranes and composite support (polyamide
formation). (Right) SEM imaging of top surface of TFC membrane.

Figure 3.13. SEM images of the top surface of the TFC membranes after interfacial polymerization on
nanocomposite supports with different CNT loading.

Figure 3.14a shows representative data from a two-stage pressure stepping water
flux measurement. Notably, in some measurements, the flux at the beginning of the
experiment was lower than the one at the end of the experiment, with both at the same
pressure. We attribute this to pressure-induced wetting, and we do not expect or observe
that lowering the pressure would result in restoring to the original state [127]. The water
permeance at each pressure and stage was calculated as an average over the 15-min
duration of each pressure step. Figure 3.14b shows the values of water permeance A and
NaCl rejection R estimated at the end of the experiment. Similar water permeance was
observed using different nanocomposite supports, and all values were much lower than
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the nanocomposite support PWP, because the skin layer produces the main water flow
resistance in a TFC membrane. We used 75% NaCl rejection (nanofiltration) as an
acceptance criterion for the formation of intact polyamide thin films. Yip et al. [48]
studied a similar post-treatment to the one used here, and found an increase in the
variability of NaCl permeability after treatment. Therefore, we attribute variations in the
NaCl rejection to the hand-casting procedure, rather than the change in stiffness of the
nanocomposite supports. Statistical analysis failed to reject the hypothesis that the NaCl
rejection was equal when comparing the 0% and 2% CNT loading at 95%. Tables F.1 and
F.2 (Appendix F) show statistical analysis results comparing the water permeance and
salt rejection of the nanocomposite supports to the Matrimid support.
Figure 3.14c shows results for the relative change in permeance. Loss of
permeance was reduced by increasing the load of CNT from 0.5 to 2.0%. This behavior is
consistent with the results observed for the reduced modulus measured by the TMA
experiments (Figure 3.11). Figure 3.14d correlates the relative change in permeance to
the reduced modulus for CNT-loaded supports. The correlation coefficient was calculated
to be 91.8%. By increasing the reduced modulus, we can limit decreases in water
permeance due to support compression. Lonsdale et al. [128] and Pendergast et al. [78]
have previously proposed that changes in the pore size of supports due to compaction
could explain the changes in water flux. Here, we show that such changes can be
observed using two-stage TMA penetration tests, and that the reduced modulus serves as
an indicator of the support stiffness. Additionally, we demonstrate that increasing the
mechanical stiffness of the support is an effective strategy for preserving water
permeance at high pressure in TFC membranes.
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Figure 3.14. (a) Experimental results of two-stage pressure stepping water flux measurements for a TFC
membrane with a 2.0% CNT-loaded nanocomposite support. (b) Water permeance and NaCl rejection of
TFC membranes using nanocomposite supports with different CNT loads. (c) Relative decrease in
permeance of TFC membranes using nanocomposite supports with different CNT loads. (d) Relation
between the reduced modulus measurements and the relative decrease in permeance (line added to guide
the reader).

3.4 Conclusions
Nanocomposite supports for TFC membranes made from Matrimid and helically
coiled or straight multiwall carbon nanotubes were fabricated via wet phase inversion.
Young's modulus increased by 20% on average upon the addition of 2.0% CNTs, as did
the measurement variance. A model is proposed that predicts the increased modulus and
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implies that the increased variance is a result of the random orientation of the CNTs
within the nanocomposite support. With further validation, this model can be used for
membrane design by estimating the required additive load in the nanocomposite support
and the maximum acceptable porosity for attaining the targeted mechanical stiffness.
While a 0.5% loading of CNTs caused macrovoids that decreased the structural integrity
by 35%, adding 2.0% loads of CNTs compensated for this effect, and resulted in a net
increase of 18% in structural stiffness. Additionally, it was found that an increased
compressive stiffness of the CNT-loaded nanocomposite supports reduced the water
permeance losses associated with the compression of the support. These findings support
the idea that increasing the mechanical stiffness of the TFC membrane nanocomposite
supports is an effective strategy for enhancing water production in desalination
operations.

3.5 Acknowledgements
The authors thank support staff in the Clemson Electronic Microscope
Laboratory, Clemson Materials Physical Testing Laboratory, Clemson Materials
Analytical Testing Laboratory, and Machining and Technical Services.

91

CHAPTER FOUR:
EFFECT OF SHORT-TERM CONTACT WITH C1-C4 MONOHYDRIC ALCOHOLS
ON THE WATER PERMEANCE OF MPD-TMC THIN-FILM COMPOSITE
REVERSE OSMOSIS MEMBRANES
[As published in Membranes (Basel). 9 (2019) 92 with minor revisions]
4.1 Introduction
Thin-film composite (TFC) reverse osmosis (RO) membranes comprise a nonwoven fabric backing, a porous support layer, and an active layer that typically is
produced via interfacial polymerization of a diamine (e.g., m-phenylenediamine, MPD)
and a triacyl chloride (e.g., trimesoyl chloride, TMC) [34]. TFC membranes are the
current standard for membrane-based pressure-driven seawater desalination.
Furthermore, TFC membranes have been used to develop new osmotically-driven
membrane processes such as forward osmosis (FO), pressure-retarded osmosis (PRO),
osmotically-assisted reverse osmosis (OARO) [129], and pressure-assisted forward
osmosis (PAFO). One difference between pressure-driven processes (e.g., RO) and
osmotically-driven processes (e.g., OARO, PAFO, FO, and PRO) is that the latter suffer
from detrimental internal concentration polarization in the support layer. One significant
reason for low membrane performance in FO is incomplete support layer wetting [58].
Due to the hydrophobic nature of the porous support layer [130], some suggest
soaking membranes in a short-chain alcohol to ensure wetting prior to use [54,57,118].
Alcohols used for wetting are often ethanol and 2-propanol (or isopropyl alcohol, IPA),
and contact times range from minutes to days [50,54,56,57,59,60,131,132]. However, the
water permeance and salt rejection properties of TFC membranes can change after
contact with these alcohols [50,54,56,57,59,60,131,132].
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Table 4.1. Literature review on alcohol contact and its effect on membrane productivity and selectivity.
Membrane

Alcohol

Method

Testing method

HR95PP and HR98PP
commercial MPDTMC-based TFC RO

Aqueous
solutions
of ethanol
and IPA

Reverse osmosis
filtration of 0.5
wt.% NaCl

Hand-cast TFC RO
membranes with
crosslinked poly(vinyl
alcohol) (PVOH) as
the active layer
Lab-made carbon
molecular sieves of
carbonized polyimide
(Matrimid®, d = 29.96
MPa1/2 and P84, d =
36.80 MPa1/2) films

20 wt%
aqueous
solutions
of C1-C4

Membranes
wetted with
alcohols for
defined times and
later washing
with DI water
Membranes were
immersed in
alcohols for 2 h

Linear
monohydr
ic
alcohols
(C1-C4)

Commercial SWC4
TFC RO membrane

Ethanol
(for
studies on
both water
flux and
salt
rejection)
IPA

Commercial TFC RO
membranes
(SW30XLE and
BW30)

Effect on
productivity
Increased water flux

Effect on
selectivity
Uncompromised
NaCl rejection

Reverse osmosis
filtration of 2000
ppm NaCl

Water flux of
membranes
increased by 50%

Polyimide films
immersed in
alcohol for 24 h,
followed by 24 h
of drying, then
carbonization

Gas permeation
of pure N2, CH4,
CO2 and O2

Decreased gas flux

Unchanged NaCl
rejection
compared to
untreated
membranes
Improved
CO2/CH4
selectivity

Membranes
immersed in
alcohol for 5 min

Reverse osmosis
filtration of 1600
ppm NaCl

Increased water
permeance

Increased NaCl
rejection when
drying was not
allowed

Immersion of
membranes into
IPA for 1 h,
followed by
polydopamine
coating

Reverse osmosis
filtration of 2000
ppm NaCl

Increased water flux
for the coated
SW30XLE
membrane but
decreased for the
coated BW30
membrane

Increased NaCl
rejection for the
coated
SW30XLE
membrane but
decreased for the
coated BW30
membrane
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Explanation of result

Reference

Similarity in solubility parameters
of ethanol (26.6 MPa1/2) and IPA
(23.6 MPa1/2) to the fully aromatic
polyamide (23.0 MPa1/2) allowed
interactions between the polyamide
and the alcohol
Observation in line with reported
literature

[50]

Changes in the polyimide films
(and the properties of the molecular
sieves made out of these) are
dependent on size of the alcohol,
composition of the polymer, free
volume in the polymer (especially
before treatment), and interactions
between polymer and alcohol
swelling of the active layer occurs,
which may disrupt inter-chain
interactions, such as hydrogen
bonding, creating space for water
to penetrate into the membrane

[132]

Denser porous support structure of
BW30 compared to SW30XLE led
to opposite behavior in water flux
and NaCl rejection after coating

[54]

[52]

[53]

Table 4.1. Literature review on alcohol contact and its effect on membrane productivity and selectivity (continued).
Membrane

Alcohol

Method

Testing method

Effect on
productivity
Increased water
passage during
pervaporation (IPA
dehydration)

Effect on
selectivity
Decreased
separation factor
between water
and IPA

Explanation of result

Reference

Lab-made hollow
fiber TFC
membranes. Torlon®
substrate. Four
amines (including
MPD) were reacted
with TMC to create
active layers
Commercial TFC RO
membranes
(including BW30 and
SW30HR)

Methanol

Immersion of
membranes into
methanol for 2 min

Pervaporation of
a 85 wt% IPA
solution
circulated
through the shell
side

Reduced thickness, i.e. distance for
diffusion, led to higher water
permeability

[60]

Ethanol

Presoaked the
membranes in DI
water, immersed
them into ethanol
for 24 h, reimmersed them in
DI water

Forward osmosis
with draw
solution 1.5M
NaCl (or 1.5M
MgSO4), and
feed of DI water

increased osmotic
water flux and for
all the membranes
wetted with alcohol
compared to control
experiments

Results are a combined effect of a
removal of the coating layer and
improved wetting of the polysulfone
support

[56]

Pressure-retarded
osmosis with
draw solution 3.5
wt% NaCl, DI
water as feed, and
0 bar of hydraulic
pressure
Forward osmosis
with draw
solution 1M NaCl
and feed of DI
water

increased water
permeance, with
methanol yielding
higher increases
from 1 to 24 h

increased
reverse salt flux
for all the
membranes
wetted with
alcohol
compared to
control
experiments
increased
reverse salt flux

Hand-cast MPDTMC TFC
membranes with
PDA coating, and
polyacrylonitrile
support

Methanol
and
ethanol

Immersion for 2
days

Removal of material from the active
layer and increased free volume of
the polyamide layer after ethanol
treatment. Methanol high polarity and
smaller molecule size yielded higher
increases

[59]

Hand-cast TFC
membranes with an
MPD-TMC-based

Ethanol
and 50%
IPA

Hand-cast MPDTMC active layers on
plasma-treated
porous polyethylene
supports

Ethanol,
IPA and
Benzyl
Alcohol

Immersed
membranes in
water, then in
alcohol for 5 min,
and washed and
immersed
membranes into
water
Alcohol poured on
the membrane
surface, then
contact from 1 to 10
min. Then, rinsing
with DI water

Osmotic water flux
increased after
treatment, with
ethanol yielding
higher increases
than aqueous IPA

Salt flux
increased after
treatment, with
ethanol yielding
higher increases
than aqueous
IPA

The capacity of ethanol and IPA to
swell fully-aromatic polyamide layers

[131]

Reverse osmosis
filtration of 2000
ppm NaCl

Alcohols led to
increased water
permeance, with BA
yielding the highest
increase

Unchanged
NaCl rejection

Optimal solvent-polyamide
interactions (defined by difference in
Hansen parameters, Ra) between BA
and polyamide (8.1 MPa), compared
to the high Ra values with ethanol
(12.7 MPa) and IPA (11.2 MPa)

[64]
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Table 4.1 presents a literature review of previous investigations on alcohol
treatment and its effects on membrane productivity and selectivity. From these studies, it
is known that short chain (C1–C4) alcohols improve the transport properties of MPDTMC-based TFC RO membranes [50]. It has been observed that different alcohols lead to
different changes in water flux. However, the causes of this behavior have not been
studied sufficiently [52–54]. In addition, it has been concluded that changes in the
polymer active layer of these membranes are dependent on size of the alcohol,
composition of the polymer, free volume in the polymer (especially before contact), and
interactions between polymer and alcohol [64,132]. However, the characteristics of the
active layer polymers that most enable changes in transport properties have not been
determined [54,56,59,60]. Some authors suggest that dissolution of polymer chains from
the active layer or other coatings results in increased membrane productivity [51,56]. It
also has been proposed that swelling of the active layer occurs, which may disrupt interchain interactions, such as hydrogen bonding, creating space for water to penetrate into
the membrane [53]. Positron annihilation spectroscopy (PAS) studies report contradictory
findings on the changes in permeance and salt rejection that occur when contacting
polyamide networks with C1–C4 alcohols [59,60]. Finally, the above-mentioned studies
propose that polyamide-alcohol interactions contribute to the improvement in transport
properties. However, Aharoni [61] showed that interactions between fully-aromatic
polyamides and methanol are low, and are estimated to increase with alcohol chain
length.
This chapter contributes to the understanding of the effects of the contact between
short-chain (C1–C4) monohydric alcohols and the active layer of TFC RO membranes,
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on the transport properties of commercial TFC RO membranes with an MPD-TMC-based
active layer and different initial transport properties. Our hypothesis is that multiple
previously observed effects occur when contacting active layers with alcohols, related to
the miscibility of the alcohol in water, the polyamide interactions with alcohol, and the
initial condition of the polymer before contact with alcohol. Differences in active layer
chemistry, coatings, morphology, surface roughness, alcohol affinity, and stiffness were
studied before and after treatment with alcohols and water. Changes in active layer
transport properties were measured for five short-chain alcohols and five commercial
TFC RO membranes. A simple dual-mode sorption mathematical model was used to
differentiate contributions of each active layer and each alcohol to the changes in
transport properties. Our studies provide a modeling framework to estimate the changes
in transport properties after short-term contact with short-chain alcohols that is especially
useful when selecting conditions for wetting the support layer of TFC membranes for
osmotically-driven membrane processes.
4.2 Theory
The internal volume (free volume) of the polyamide layer of TFC membranes has
been investigated by Kim et al. using PAS. PAS revealed that polyamide layers of MPDTMC-based TFC membranes have two main pore types: aggregate (0.35–0.45 nm) and
network pores (0.21–0.24 nm) [133]. They also found that adding small amounts of
dimethyl sulfoxide to the aqueous phase during synthesis increased the content of
aggregate pores compared to network pores, which resulted in higher water passage
through the membrane without considerable loss of salt rejection [133,134]. Similarly,
Aharoni observed that contacting rigid polyamide networks with a swelling agent (N,N-
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dimethylacetamide, DMAc) until equilibrium was established, followed by immersion of
the polymer into non-solvent mixtures (DMAc-methanol, DMAc-acetone), resulted in a
polyamide sample with larger bulk volume compared to the same specimen initially
[61,135]. Guo and Barbari used a dual-mode sorption model to describe the swelling of a
glassy polymer [136,137]. They found that internal space was formed upon sorption of a
penetrant and these holes would remain after desorption [136]. We adapted this dualmode sorption model to help explain the changes seen in water permeance for the
different fully-aromatic polyamide active layers (MPD-TMC chemistry) using shortchain alcohols at constant treatment time.
From the dual-mode sorption model (Eq. 4.1), the concentration of water within
the polymer (cw,m,f) after alcohol penetration is the combination of the concentration of
water dissolved in the polymer (cw,D) and the concentration of water in the newly
generated pores (cw,H):
(4.1)

𝑐𝑐𝑤𝑤,𝑚𝑚,𝑓𝑓 = 𝑐𝑐𝑤𝑤,𝐷𝐷 + 𝑐𝑐𝑤𝑤,𝐻𝐻

If the water content in the polyamide layer is low, then we can assume that the
concentration of water in the internal volume is proportional to the activity (a) of the
penetrant and the proportionality constant is the Henry’s constant of water (Kw). The
number of pores generated by penetrant contact is assumed to be limited, and it can be
represented as a Langmuir-isotherm type curve [10]. Eq. 4.2 shows the water
concentration in the polymer after alcohol contact can be redefined in terms of the
activity of the penetrant (a = 1 for a pure liquid penetrant), the pre-existing capacity of
the polymer (C´H) to create new pores, and a parameter that accounts for the affinity of
the penetrant with the polymer (b):
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𝑏𝑏𝑏𝑏

𝑐𝑐𝑤𝑤,𝑚𝑚,𝑓𝑓 = 𝐾𝐾𝑤𝑤 𝑎𝑎 + 𝐶𝐶𝐻𝐻′ 1+𝑏𝑏𝑏𝑏

(4.2)

Eq. 4.3 shows that Kw can be determined from the initial water permeance (A0) of
the TFC membrane before pores are generated by the penetrant:
𝐴𝐴0 =

𝐷𝐷𝑤𝑤,𝑚𝑚 𝜈𝜈 2 𝑐𝑐𝑤𝑤,𝑚𝑚,0
𝛿𝛿𝑅𝑅𝑢𝑢 𝑇𝑇

𝐾𝐾𝑤𝑤 = 𝐴𝐴′ 𝐾𝐾𝑤𝑤

(4.3)

cw,m,0 is the concentration of water in the solution in contact with the membrane,
Dw,m is the water diffusivity within the polymer, ν is the molar volume of water, δ is the
membrane thickness, Ru is the universal gas constant, and T is the temperature. The water
diffusivity within the membrane is assumed to depend mostly on temperature (22 °C in
this study). Therefore, it was treated as a constant during permeation tests before and
after alcohol contact. Freger showed that changes in thickness due to ethanol swelling of
TFC RO membranes are on the order of 5% [138]. Therefore, we assumed a constant
thickness of 145 nm by averaging the reported values for SW30HR and XLE measured
via ellipsometry and reported by Coronell and coworkers [139].
Finally, we can relate the initial water permeance, A0, with the resulting water
permeance after contact with ethanol (Af) by substituting Eq. 4.3 into Eq. 4.2 to give Eqs.
4.4-4.9:
𝑐𝑐𝑤𝑤,𝑚𝑚,𝑓𝑓 =

𝐴𝐴0
𝐴𝐴′

𝑏𝑏𝑏𝑏

𝑎𝑎 + 𝐶𝐶𝐻𝐻′ 1+𝑏𝑏𝑏𝑏

(4.4)

𝑏𝑏

𝐴𝐴′𝑐𝑐𝑤𝑤,𝑚𝑚,𝑓𝑓 = 𝐴𝐴0 + 𝐴𝐴′ 𝐶𝐶𝐻𝐻′ 1+𝑏𝑏

(4.5)

𝑏𝑏

𝐴𝐴𝑓𝑓 = 𝐴𝐴0 + 𝐴𝐴′ 𝐶𝐶𝐻𝐻′ 1+𝑏𝑏

(4.6)

𝐾𝐾1 = 𝐴𝐴′ 𝐶𝐶𝐻𝐻′

(4.8)

(4.7)

𝐴𝐴𝑓𝑓 = 𝐴𝐴0 + 𝐾𝐾1 𝐾𝐾2
𝑏𝑏

𝐾𝐾2 = 1+𝑏𝑏

(4.9)
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K1 is related to pre-existing properties of the active layer, whereas K2 relates to
the interactions between the alcohol and the active layer. The values for K1 and K2 were
obtained by fitting the experimental data to Eq. 4.7. Initially, this model suggests that to
realize changes in the water permeance, it is necessary to have pre-existing capacity to
generate holes and an affinity between the solvent and the active layer. The value of K1
represents the maximum water permeance change that can be obtained after contact with
an alcohol of high affinity for the established time. K2 indicates the extent of the change
in water permeance due to the interaction between the alcohol and the active layer, and it
should be a value between 0 and 1.

4.3 Experimental
4.3.1 Materials
TFC membranes were provided by Dow Water & Process Solutions (Edina, MN,
USA). Seawater desalination membranes SW30HRLE, SW30XLE, and SEAMAXX; and
brackish water desalination membranes BW30XFR and XLE were used in this work. The
following chemicals were used as received from ThermoFisher Scientific (Waltham, MA,
USA): methanol (Optima® for HPLC, MeOH), ethanol (anhydrous, 200 proof, >99.5%,
Acros Organics, EtOH), and 2-propanol (isopropanol, IPA, Certified ACS Plus). The
following chemicals were used as received from Sigma-Aldrich (St. Louis, MO, USA):
1-propanol (ACS reagent, >99.5%, 1-PrOH), 1-butanol (for molecular biology, >99%, 1BtOH), and sodium chloride (anhydrous, ACS reagent, >99%). The following chemicals
were used as received from VWR International (Radnor, PA, USA): potassium chloride
(BDH, ACS grade) and sodium hydroxide (Amresco, ACS grade). Deionized (DI) water
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(resistivity = 18 MΩ cm) was obtained using a Milli-Q water purification system (EMD
Millipore, Billerica, MA, USA).
4.3.2 TFC Membrane Characterization
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
was used to confirm the chemistry of the active layer of the membranes studied and to
identify membranes with coatings. The instrument used was a Thermo Scientific benchscale Nicolet iS50R FT-IR (ThermoFisher Scientific, Waltham, MA, USA) equipped
with a Specac Golden Gate Diamond ATR (Specac Incorporated, Fort Washington, PA,
USA). Scan settings were 128 scans with 4 cm-1 resolution and beam auto-gain. The asreceived membranes were rinsed with DI water to remove any protective coating and
humectant and vacuum dried for more than 24 h before testing.
Streaming potential (zeta potential) measurements were used to identify the
presence of coatings by determining the surface charge of the membrane active layer. The
instrument used was an Anton Paar SurPass equipped with a clamping cell. The control
and data logging were done using Anton Paar Visiolab software (Anton Paar GmbH,
Graz, Austria). A streaming channel was created by placing two membrane coupons with
the active layers facing each other, and separated by two spacers. Both coupons were
from the same membrane reference that had been rinsed with DI water. The streaming
channel length was 25 mm. Measurements started at pH 5.6 ± 0.1 by using a 1 mM
solution of potassium chloride. The pH was increased by adding 0.1 mL aliquots of 0.1 M
sodium hydroxide solution to the solution reservoir until the pH was above 9. The
software reported the measured pH and calculated zeta potential using the Fairbrother–
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Mastin approach. Reported uncertainties represent the standard deviation from four
measurements using the same streaming channel.
X-ray photoelectron spectroscopy (XPS) was used to measure the atomic
composition of the membrane surface to identify coatings. Membrane samples were
washed thoroughly with DI water, soaked in DI water for 24 h, and then vacuum dried for
8 h before testing. The instrument used was a VersaProbe III Scanning XPS Microprobe
(Physical Electronics Inc., Chanhassen, MN, USA) with a monochromatic Al Kα source
(1,486.7 eV). A survey scan was done from 0 to 1,100 eV using a pass energy of 224 eV
and step of 0.8 eV. For quantitative analysis of carbon, nitrogen, and oxygen, higher
resolution scans were performed. Scans were done from 278 to 298 eV for C1s, from 391
to 411 eV for N1s, and from 523 to 543 eV for O1s, all using a pass energy of 69 eV and
0.125 eV steps. To minimize charging, we used an electron flood gun and low voltage Ar
ion gun at 3 eV. The reported results are the average of two survey scans. For all
analyses, we used a 100 µm diameter, 25 W beam to scan an area of 500 µm × 500 µm.
Three different areas were analyzed.
Scanning electron microscopy (SEM) was used to image the top surface of the
membranes. Images were taken for the following membrane types: as received and rinsed
with DI water, after contact with ethanol for 5 min, after contact with ethanol and then
water (5 min each), and after being tested in RO mode. Samples were sputtered-coated at
60 mbar with gold-palladium using an Anatech Hummer 6.5 (Anatech Limited, Denver,
NC, USA) coater. A Hitachi S4800 field emission microscope (Hitachi Limited, Tokyo,
Japan) was used to capture images using an accelerating voltage of 10 kV.
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Table 4.2. Alcohol properties: dipole moment, molecular weight, molar surface area, molecular diameter,
and surface tension. References may be found in the main text.

Alcohol

Dipole
moment
(Debye)

Molecular
weight
(g/mol)

Methanol
Ethanol
n-propanol
IPA
n-butanol
Water

1.70
1.69
1.68
1.66
1.66
1.85

32.04
62.07
92.09
92.09
122.12
18.01

Molar
surface area
(×108
cm2/mol)
3.987
8.052
17.41
20.68

Molecular
diameter
(nm)

Surface
Tension
(erg/cm2)

0.41
0.52

0.7225

0.26

24.8 (264 K)
24.0 (270 K)
25.4 (273 K)
23.1 (270 K)
26.1 (265 K)
77.0 (270 K)

0.58

Captive air bubble contact angle (CB-CA) measurements were performed on each
membrane active layer using different alcohols and water to determine their chemical
affinity. Membranes were rinsed with DI water to remove protective coatings and
humectants and were carefully pat dried with lint-free Kimwipes. The instrument used to
capture instantaneous images was a Krüss DSA 10 Mk2 goniometer (Krüss GmbH,
Hamburg, Germany) with Drop Shape Analysis software (ver. 1.80.0.2, Krüss GmbH,
Hamburg, Germany). The images were analyzed using the Low Bond Axisymmetric
Drop Shape Analysis (LBADSA) plug-in (ver. March 2005) [140] for ImageJ (National
Institutes of Health, Bethesda, MD, USA). It was assumed that the captive bubbles
followed an axisymmetric profile that follows the Young–Laplace equation. Therefore,
capillary constants for the alcohols were calculated using Eq. 4.10 (surface tension
reported in Table 4.2) [140]. Six measurements were done per membrane per alcohol.
capillary constant =

density×gravity

(4.10)

surface tension

Atomic force microscopy (AFM) was used to measure the Young′s Modulus of
the active layer before and after contact with each alcohol using force-volume contact
mode. Control samples were rinsed with DI water to remove any protective coating and
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humectant, immersed in DI water for 5 min, pat dried, mounted on a glass slide, and
tested immediately. Test samples were rinsed with DI water, immersed in the desired
alcohol for 5 min, re-immersed in DI water for 5 min, and mounted on a petri dish. The
petri dish was filled with enough water to cover the membrane surface (2–4 mL), and the
membrane was tested immediately. The instrument used was a Bioscope AFM (Bruker
Inc., Billerica, MA, USA) with a Nanoscope IIIa controller and Nanoscope version
5.32R1 software (Bruker Inc., Billerica, MA, USA). Standard AFM probes
HQ:NSC16/Al BS from MicroMasch (Watsonville, CA, USA) were used for all
measurements. For force-volume measurements, 256 measurements were taken over a
scan area of 10 μm × 10 μm. At least 3 different spots were analyzed per control sample.
To calculate the Young′s Modulus, the force-volume curves were analyzed using the
Sneddon (Conical) model including the adhesion force. The active layer Poisson′s ratio
was assumed to be 0.39 [141], and the minimum and maximum force fit boundaries were
set to 5% and 100%.
AFM was used to evaluate the roughness of the surface of each membrane tested,
before and after contact with different alcohols, using imaging tapping mode. For
imaging, 512 samples were taken per line over an area of 5 μm × 5 μm at a scan rate of 1
Hz. At least 3 different spots were analyzed per membrane per alcohol.
4.3.3 TFC Membrane Performance Testing
Water permeance (A) and salt rejection (R) were measured before and after
membrane contact with the short-chain alcohols. A membrane coupon was cut from a
membrane roll and soaked in DI water for 5 min to remove any protective coating and
humectant. The entire permeation cell assembly (Sterlitech HP4750, Sterlitech
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Corporation, Kent, WA, USA) was rinsed with DI water before assembly. The test cell
stirrer was placed in the test cell and the cell was filled with a 2000 ppm sodium chloride
feed solution (osmotic pressure of 1.7 bar). The cell was set on a stir plate and the stirring
speed was set to 120 RPM.
The system was pressurized to 17.2 bar using air. The control valve was opened
slowly to increase the pressure by approximately 0.07–0.14 bar per second. The system
pressure remained constant for the duration of the permeation test. Measurements were
taken 30 min after the permeation rate became constant. The mass of permeate (mP) was
recorded for a known time and the water flux was calculated using Eq. 4.11, where ρw is
the density of the permeate, and Ac is the membrane active area, 14.6 cm2.
𝑚𝑚𝑃𝑃

(4.11)

𝐽𝐽𝑤𝑤 = 𝑡𝑡𝜌𝜌

𝑤𝑤 𝐴𝐴𝑐𝑐

To evaluate the change in permeance due to alcohol contact, the test cell was
depressurized and disassembled from the air supply, the remaining sodium chloride
solution was removed, and the cell was rinsed thoroughly with DI water. Then, 50 mL of
alcohol was poured into the cell and left for 5 min or 2 h. When the allotted time had
passed, the alcohol was removed from the cell, the cell was rinsed thoroughly with DI
water, and the permeation procedure described above was repeated using the same
membrane coupon. Finally, salt rejection was evaluated by measuring the conductivity of
the feed and permeate samples using a Sensorex Corporation (Garden Grove, CA, USA)
CX100 conductivity meter and CS150TC probe and applying a linear calibration between
conductivity and sodium chloride concentration to determine feed and permeate salt
concentrations (cF and cP). The water permeance and salt rejection were calculated using
Eqs. 4.12 and 4.13. The osmotic pressure difference (Δπ) was estimated using the Van′t
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Hoff equation (Eq. 4.14) with a factor i = 2 for sodium chloride. This procedure was
repeated at least three times for each membrane type. The same procedure was done
using 50 mL of DI water before the second permeation test as a control experiment.
𝐽𝐽

(4.12)

𝑤𝑤
𝐴𝐴 = (∆𝑃𝑃−∆𝜋𝜋)

𝑐𝑐

(4.13)

𝑅𝑅 = 1 − 𝑐𝑐𝑃𝑃
𝐹𝐹

(4.14)

∆𝜋𝜋 = 𝑖𝑖𝑖𝑖𝑖𝑖(𝑐𝑐𝐹𝐹 − 𝑐𝑐𝑃𝑃 )

4.4 Results and Discussion
Initially, all membranes were characterized using ATR-FTIR, and Figure 4.1
shows the IR spectra. All the membranes showed peaks at 1,660 cm-1 (amide I band),
1,610 cm-1 (aromatic amide), and 1,540 cm-1 (amide II band), assignable to a fully
aromatic polyamide chemical structure [126]. In addition, the absence of dominant peaks
at 1,630 and 1,730 cm-1 indicates that the polyamide is not semi-aromatic (like some
piperazine-based nanofiltration TFC membranes) [126]. Therefore, we concluded that all
the polyamide layers of the membranes used in this study were made by the reaction of
m-phenylenediamine (MPD) and trimesoyl chloride (TMC), which would yield a fully
aromatic polyamide structure. On the other hand, Figure 4.1 data also reveal that the
SW30HRLE and SEAMAXX membranes have increased peak heights at 3,300 cm-1
assignable to –OH groups. These observations suggest that the SW30HRLE and
SEAMAXX membranes have a coating, by comparison to the non-coated XLE
membrane [142].
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Figure 4.1. ATR-FTIR spectra of the TFC membranes studies. (Left) The peak height of characteristic –OH
peak of membrane coatings at 3,300 cm-1. (Right) Characteristic peaks of MPD-TMC-based polyamide
layers are highlighted (black arrows).
Table 4.3. Atomic content on the surface of the TFC membranes studied via XPS.

Membrane
SW30HRLE
SW30XLE
SEAMAXX
BW30XFR
XLE

at. % Carbon
71.4% ± 0.7%
70.8% ± 0.8%
73.2% ± 0.6%
73.7% ± 0.5%
74.7% ± 0.3%

at. % Oxygen
19.9% ± 2.9%
22.2% ± 0.9%
14.3% ± 0.4%
13.3% ± 0.3%
13.3% ± 0.3%

at. % Nitrogen
8.5% ± 2.1%
6.9% ± 0.2%
12.4% ± 0.8%
12.9% ± 0.4%
11.9% ± 0.2%

To further assess whether the membranes were coated, we performed streaming
potential and XPS measurements of the membranes. Streaming potential experiments
were chosen because the presence of a neutral charge coating will reduce the zeta
potential by reducing the net electrical charge contained within the region bounded by the
slipping plane. XPS experiments provide information on surface composition. Figure 4.2
(left) shows the zeta potential of the membranes studied over a pH range from 5.5 to 9.
The non-coated XLE membrane has the most negative charge at pH 7–9 (seawater)
compared to the four other membranes. Furthermore, SW30HRLE shows the least
negative surface charge over the same range. Figure 4.2 (right) shows the oxygen and
nitrogen atomic composition of the membrane surfaces (carbon content is provided in
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Table 4.3). SW30HRLE and SW30XLE oxygen content is higher than what a theoretical
linear MPD-TMC membrane would have, suggesting that an additional coating layer is
present. The lines plotted in the figure represent theoretical layers comprising
combinations of PVOH and MPD-TMC polyamide. SW30HRLE and SW30XLE have
compositions that fall along the PVOH coating line, which supports that PVOH is the
coating applied. The rest of the membranes have oxygen contents that fall within the
expected range for an almost fully cross-linked MPD-TMC polyamide, further supporting
that they have no coating or that their coatings have similar composition to the polyamide
layer. These observations support the idea that SW30HRLE has a coating, most likely
PVOH, whereas XLE is non-coated. A similar observation has been reported elsewhere
[126,143]. We cannot rule out the possibility of a coating on the other membranes based
on the reduced surface charge. However, it seems unlikely to be exclusively PVOH based
on the concordance of FTIR and XPS data. These observations were used for the data
analysis discussed below.

Figure 4.2. (Left) Zeta potential measurement data. (Right) Oxygen and nitrogen atomic content on the
surface of the membranes measured via XPS.
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4.4.1 Active Layer Characteristics in Contact with Short-Chain Alcohols and Water
Characterization techniques were used to investigate if there were changes in the
polyamide layer after contact with different short-chain alcohols. Firstly, SEM was used
to visualize the morphology changes of the polyamide layer. Figures 4.3 and 4.4 show
SEM images at 2k and 10k magnification of the top surface of the TFC membranes after
different treatments. Polyamide layers from seawater desalination membranes
SW30HRLE and SW30XLE showed a ridge-and-valley structure, whereas the other
membranes showed a flattened structure. Xu et al. fabricated fully aromatic polyamide
layers and noticed that by changing monomer concentrations and ratios it is possible to
obtain either a ridge-and-valley or a flatter polyamide layer structure [144]. Therefore, we
believe that differences in the polyamide layer morphologies between membranes depend
on the fabrication process and not the monomers used to fabricate them. No visible
differences were seen when analyzing the polyamide layer images at different
magnifications after alcohol treatments. Previous AFM studies have reported changes in
the polyamide layer morphology by contacting it with ethanol [62,131]. Therefore, we
believe that the vacuum-dry conditions of the SEM measurements do not allow for
visualization of these changes, indicating that internal water content in hydrated layers
can be the origin of the morphology changes seen by AFM.
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Figure 4.3. SEM images of the top surface of the studied TFC membranes at 2k magnification.
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Figure 4.4. SEM images of the top surface of the studied TFC membranes at 10k magnification.
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Figure 4.5. Relative change in root-mean-squared surface roughness after alcohol contact treatment. The
dashed line shows the average of all membranes, and the error bars are calculated by propagating the error
in each individual membrane measurement.

Table 4.4. Root-mean-squared roughness of the active layer of the rinsed membranes after contact with DI
water for 5 minutes. Uncertainty represents one standard deviation over a least 3 different spots of an area
of 5 μm × 5 μm.

RMS
Roughness
(nm)

SW30HRLE SW30XLE
49.6 ± 8.8

45.7 ± 11.2

SEAMAXX BW30XFR XLE
43.1 ± 5.7

41.8 ± 8.8

36.2 ± 6.4

AFM was used to quantify the change in the surface roughness of the polyamide
layers after contact with different short-chain alcohols. Figure 4.5 shows the relative
change in root-mean-square (RMS) surface roughness of the polyamide top surface after
immersion in the different alcohols compared to the surface roughness evaluated after
immersion in water (Table 4.4). The results show that the average membrane surface
roughness increases after contact with short-chain alcohols, except in the case of IPA, in
which the average change was 0%. Liu and coworkers [131] also observed an increase in
membrane surface roughness after contact with ethanol for 5 min. However, they also
obtained an increase in roughness using a 50% IPA aqueous solution. The estimated
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solubility parameter of the aromatic polyamide solubility is 23 MPa1/2 [61], which is
more similar to IPA (23.6 MPa1/2) than methanol (29.7 MPa1/2) or water (47.9 MPa1/2)
[145]. This implies that polyamide-methanol interactions are less favorable than
polyamide-IPA interactions. Nevertheless, larger roughness changes were observed with
methanol, suggesting that changes in the polyamide layer structure after contact with
alcohols cannot be explained exclusively on the basis of polyamide-alcohol interactions.

Figure 4.6. Surface Young’s moduli after contact with water and the C1-C4 alcohols studied for each
membrane tested. Error bars indicate standard deviation among 256 points on a surface area of 10 µm × 10
µm.

Figure 4.6 shows the Young′s modulus of the polyamide layer top surface dried
and in water after contact with different alcohols for 5 min. The results show a
statistically significant decrease (at least 90% confidence interval) in Young’s modulus
for the SW30HRLE, SEAMAXX, and BW30XFR membranes after alcohol contact, and
for the XLE membrane after ethanol, IPA, and 1-butanol contact. Previous work from our
group suggests that plasticization occurs on TFC membranes when in contact with
glycerol (a short chain polyhydric alcohol) solutions [146]. Shin et al. [64] also reported
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the reduction of surface modulus after contact of MPD-TMC polyamide layers with
different solvents, such as ethanol and IPA. By comparing the dry samples with a sample
tested in water after treatment, the reduction in Young′s modulus of the membrane
surface (confidence interval above 90%) is more evident. This result is due to the
increased water content within the polyamide layer after contact with water.

Figure 4.7. Captive air bubble contact angle in water and the C1-C4 alcohols studied of the polyamide
layers of the membranes.

Captive bubble contact angle (CB-CA) measurements were used to further
evaluate the interactions between the polyamide layer and short-chain alcohols. Figure
4.7 shows the contact angle results. The CB-CA measurements confirmed that the affinity
between the polyamide layer of the membranes and short-chain alcohols is significantly
higher (lower contact angle) than water. In general, methanol showed a higher contact
angle compared to the other alcohols. However, it was not possible to clearly differentiate
the effects of the rest of the alcohols tested, nor to differentiate between the membranes
studied by their contact angle with a particular alcohol. Higher affinity towards the active
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layer would facilitate swelling of the active layer by alcohol, consistent with the
plasticization observed when putting the membranes in contact with ethanol and IPA.
4.4.2 Effect of Short-Chain Alcohol Contact on TFC Membrane Transport Properties
Permeation experiments were conducted to evaluate the effect of contact time and
alcohol type on TFC membrane water permeance and salt rejection. We used a directflow filtration setup for these measurements. While this method is not ideal for estimating
the salt rejection, it enabled the collection of data and analysis of multiple membranes
and alcohols within the project timeline and budget. Because our goal in this study was to
compare the effect of multiple alcohols on multiple active layers composed of
substantially the same material, we used the same testing conditions for all membranes.
The brackish water condition was selected based on standardized conditions for
membrane testing [57]. We chose to double the suggested hydrostatic pressure to
minimize the effect of concentration polarization, by having a considerable difference
between the hydrostatic driving force (17.2 bar) and the osmotic pressure barrier caused
by 2000 ppm NaCl (1.7 bar). Changes are reported relative to the measured values of
water permeance and salt rejection during the first step of our experiments, before contact
with any alcohol, as shown in Table 4.5. The water permeance values were within the
ranges reported by the manufacturer for membranes SW30HRLE, SEAMAXX, and XLE.
However, the values for SW30XLE and BW30XFR were lower [147]. We attribute this
to the reduction of free volume in the membrane active layer due aging that is known to
occur [148,149]. These polyamide layers are non-equilibrium materials in a glassy state.
They age over time, so the properties will change. We attempted to avoid aging effects
during our studies. However, we are unable to verify that all membranes studied are of
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constant age. The NaCl rejection values were lower than reported [147] due to the nature
of the direct-flow testing, which leads to detrimental concentration polarization.
Nevertheless, our interest was to evaluate the changes in transport properties of the
membranes upon short-term contact, and the direct-flow test simplified the experimental
protocol to make such comparisons.

Table 4.5. Measured transport properties of the TFC membranes before contact with alcohol. Error
represents one standard deviation among at least 25 measurements.

TFC
membrane
SW30HRLE
SW30XLE
SEAMAXX
BW30XFR
XLE

Water Permeance
(LMH/bar)
1.37 ± 0.09
0.74 ± 0.11
3.44 ± 0.21
2.67 ± 0.14
5.36 ± 0.35

NaCl
Rejection (%)
94.8% ± 1.7%
90.9% ± 3.2%
95.7% ± 1.1%
96.7% ± 1.4%
87.6% ± 1.9%

Figure 4.8 shows the relative changes in water permeance and salt rejection of
TFC membranes after contact with DI water and ethanol for 5 min and 2 h. Tables H.1
and H.2 (Appendix H) report the results of the hypothesis test for each case with a
confidence interval of 95%. Changes are not significant for seawater desalination
membranes (SW30HRLE, SW30XLE, and SEAMAXX) after 5 min contact with DI
water, whereas small decreases (<5%) were statistically significant for brackish water
desalination membranes (BW30XFR and XLE). After 2 h of contact with DI water, XLE
and SEAMAXX membranes showed a statistically significant decrease in permeance. No
membrane showed a statistically significant decrease in salt rejection after 5 min or 2 h
contact with DI water, but some showed a statistically significant increase of no greater
than 5% in salt rejection. Reduced water flux after treatment with DI water can be
explained by compaction of the membrane active and support layers [78,150], which is
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dependent of the initial free volume content of the active layer, and the compressive
strength of the support layer [79]. The small decreases in water permeance in our control
experiment were observed for the SEAMAXX, BW30XFR, and XLE membranes, which
had the highest initial values; therefore, we believe that this is the result of the
compaction of the high free volume of these active layers.
Similarly, we evaluated the effect of ethanol contact on the membrane properties.
Nearly all tested membranes showed a statistically significant increase in water
permeance and no statistically significant decrease in salt rejection when contacted with
ethanol. Exceptions were SEAMAXX, which showed a statistically significant decrease
in salt rejection (1.5%) for 2 h contact with ethanol; and XLE, which showed no
statistical change in both water permeance and salt rejection for 2 h contact with ethanol.
In addition, seawater desalination membranes showed higher relative changes in
permeance compared to brackish water desalination membranes after contact with
ethanol, suggesting that the initial permeance influences the extent of the change
observed after contact. The SW30XLE membrane, which had the lowest initial water
permeance, showed the highest relative increment in this property. With these
observations, we decided to expand our study to other short-chain alcohols establishing 5
min as the contact time for testing, because it appears to be sufficiently long to see water
permeance changes without compromising the salt rejection of the membranes.
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Figure 4.8. Relative change in water permeance (dark) and salt rejection (light) after water and ethanol
contact for 5 min and 2 h for seawater (top row) and brackish water (bottom row) desalination membranes.
Error bars represent one standard deviation for at least three measurements. Note that the y-axis scale is
different for each membrane set.

Figure 4.9 shows the relative change in water permeance and salt rejection of TFC
membranes after contact for 5 min with different short-chain alcohols. Table H.3
(Appendix H) reports the results of the hypothesis test for each case with a confidence
interval of 95%. In nearly all cases, seawater desalination membranes showed increased
water permeance after 5 min contact with short-chain alcohols (except SEAMAXX after
contact with 1-butanol). The brackish water desalination membranes showed statistically
significant increases in water permeance after contact with ethanol, statistically
significant decreases in water permeance after contact with 1-butanol, and no statistical
change in water permeance after contact with other alcohols. These results further
suggest that the initial permeance plays a role in the permeance change and could be used
117

as a predictor of the extent of the change after alcohol contact. On the other hand, the
SEAMAXX and BW30XFR membranes showed a statistically significant decrease in salt
rejection (<2%) when contacted with methanol. Methanol contact also yielded the highest
statistically significant increases in water permeance for seawater desalination
membranes. These observations indicate that short-term contact with methanol leads to a
more open polyamide layer, which leads to higher water permeation and in some cases
higher salt passage.
The increases in water permeance were higher for seawater desalination
membranes with all the alcohols tested, compared to brackish water desalination
membranes. This behavior is consistent with data in Figure 4.8 for ethanol contact. In
addition, it was observed that methanol contact led to higher water permeance of
seawater desalination membranes, whereas IPA and 1-butanol showed the lowest
increases in water permeance for seawater desalination membranes. These findings
suggest that the type of alcohol influences the extent of the change in transport properties
of the membranes after alcohol contact.
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Figure 4.9. Relative change in water permeance (dark) and sodium chloride rejection (light) after contact
with different alcohols for 5 min for seawater (top row) and brackish water (bottom row) desalination
membranes. Error bars represent one standard deviation for at least three measurements.

Figure 4.10 shows the change in water permeance (Af–A0) after contact with each
alcohol for each membrane tested. Gray bars represent dual-mode sorption model (Eq.
4.7) when fitted to the experimental data and the error bars include error propagation
from the uncertainty (one standard deviation) in the initial water permeance. The
experimental results fall within the uncertainty of the modeled results, suggesting that
contacting short-chain alcohols with active layers of TFC membranes changes their
internal volume that could be occupied by water. Table H.4 shows the statistical analysis
used to evaluate the model fit to the experimental data. The model and the experimental
data show determination coefficients (R2) above 95% for the data grouped per alcohol,
which indicates that the model correlates the differences between the different
membranes. However, the model is less accurate for predicting small changes in
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permeance such as the case of the brackish water desalination BW30XFR and XLE
membranes. We attribute this discrepancy to the implicit assumption in the model that the
active layer of each membrane is made of the same material, which is partially supported
by the ATR-FTIR and XPS data, except in the case of the XLE membrane which is noncoated.
We further investigated the effect of alcohol contact on the studied membranes by
calculating the salt reverse flux coefficient (B) using Eq. 4.15 reported by Cath et al. [57].
The mass-transfer coefficient (k) estimation for the Sterlitech HP4750 stirred cell is
shown in Appendix G, which yielded a value of 1.07 × 10−5 m/s for stirring at 120 RPM
(see Figure 4.11). Figure 4.12 shows the change in the reverse salt flux coefficient (Bf–
B0) after contact with each alcohol for 5 min in each membrane. Figure 4.12 reveals that a
large decrease is observed for the salt passage in the SW30XLE and XLE membranes,
suggesting that the alcohol contact with these non-coated membranes might result in a
densification of the active layer. This result agrees with the water permeance reduction
observed with these membranes and suggests that active layers of non-coated membranes
might be more susceptible to changes upon contact with short chain alcohols.
𝐵𝐵𝑖𝑖 = 𝐽𝐽𝑤𝑤,𝑖𝑖

1−𝑅𝑅𝑖𝑖
𝑅𝑅𝑖𝑖

exp �−

𝐽𝐽𝑤𝑤,𝑖𝑖
𝑘𝑘

(4.15)
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Figure 4.10. Change in water permeance (Af–A0) (blue bars; LMH/bar) after contact with different
alcohols for 5 min. Gray bars indicate dual-mode sorption model fits of the data. Error bars represent one
standard deviation of at least three measurements (blue bars) and error propagation of the initial water
permeance (Table 4.5) in the model (gray bars).
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Figure 4.11. (Left) Schematic of the Sterlitech HP4750 stirred cell. Shown are the radius of the membrane
active circular area (r2), the radius of the stir bar (r1), and the distance between the stir bar and the
membrane surface (h). (Center) Normalized linear velocity profile at different radii (x-axis) and height
(curves) positions. (Right) Mass-transfer coefficient and Reynolds number calculation assuming a
rectangular flow channel of height h and width r2.

To identify a possible reason for the changes in water permeance of all
membranes and reverse salt flux coefficient of the SW30XLE and XLE membranes, we
investigated the relationship between these changes and different membrane and alcohol
properties. Initially, we used the solubility parameter (δ) of the polyamide layer (PA) and
the alcohols assuming that more favorable interactions (i.e., (δPA- δalcohol)2 → 0) would
lead to larger changes in water permeance and reverse salt flux. The studies made by
Aharoni indicate that aromatic polyamide layers have δPA = 23 MPa1/2 [61], suggesting
that smaller property changes of the polyamide active layers should be seen after contact
with methanol and larger after contact with 1-butanol, as the alcohol solubility parameter
approaches the value of the polyamide layer (see Table 4.6). This trend correlates to the
observed average change in reverse salt flux coefficient of the membranes as shown in
Figure 4.13. However, it does not explain the large water permeance changes obtained
after contact with methanol. Therefore, we concluded that polyamide-alcohol interactions
result in a reduction in the reverse salt flux due to a densification of the polyamide layer.
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We propose this densification occurs when water (non-solvent) contacts the polyamide
layer after the thin layer is softened due to alcohol contact, as shown by AFM
nanoindentation experiments by Shin et al. [64]. Nevertheless, direct polyamide–alcohol
interactions do not fully explain changes in the water permeance results after 5 min of
contact with alcohol.

Figure 4.12. Change in the salt reverse flux coefficient (Bf–B0) (calculated using Eq. 4.15) for each
membrane after contact with different alcohols.

Table 4.6. Reported in [145] solubility parameters for each short chain alcohol.

Alcohol
Methanol
Ethanol
n-propanol
IPA
n-butanol
Water

Solubility parameter (MPa)1/2
29.41
26.52
24.60
23.58
23.20
47.90

123

Figure 4.13. Calculated change in the reverse salt flux coefficient using Eq. 4.15 versus the squareddifference in the reported solubility parameters of alcohols (Table 4.6) and fully-aromatic polyamide [61].
The dashed curve is a guide for the reader′s eye.

Following the study of polymer-alcohol interactions, we considered the PVOHalcohol interactions, as PVOH is a commonly reported coating for TFC RO membranes,
and is likely used for membranes SW30HRLE and SW30XLE based on ATR-FTIR and
XPS data [126,143]. Hansen reported a wide range of solubility parameters for different
protective PVOH films, calculated to be from 21 to 27 MPa1/2 from thinner to thicker
coatings. Assuming a PVOH protective coating with a solubility parameter δPVOH = 27
MPa1/2 would still predict more favorable interactions between PVOH and ethanol
compared to PVOH and methanol. However, methanol led to a higher increase water
permeance compared to ethanol. Therefore, we believe that modification or removal of
PVOH is not the main cause of the large changes in water permeance after methanol
contact. Other alcohol characteristics that we considered but that did not provide high
correlation to changes in transport properties were dipole moment, molecule dimensions
and molecular weight, and surface tension (values listed in Table 4.2).
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Figure 4.14. Calculated change in Gibbs free energy upon mixing water and C1-C4 alcohols calculated
using UNIQUAC and interaction parameters reported by Park et al. Reference may be found in the main
text.

Using the binary interaction parameters between the alcohols tested in this work
and water reported by Park et al. [151], and the UNIQUAC excess Gibbs free energy
model [152], we calculated the change in the specific Gibbs free energy upon mixing
water and alcohol using Eq. 4.16 [153], as shown in Figure 4.14. Then, we estimated the
maximum change and used it as a measure of the water-alcohol interactions. Figure 4.15
shows the affinity constant (b) calculated from Eq. 4.9 using the fitted K2 for each alcohol
versus the maximum change in the specific Gibbs free energy of mixing water and
alcohol. The latter was calculated as the area under the curve represented by Eq. 4.16 and
shown in Figure 4.14. Results show a positive linear correlation between these variables
with a R2 = 75.8%. Ethanol deviates most from the linear trend. We attribute this to the
mathematical fitting because, in almost every case, the dual-mode sorption model
underestimated the change in water permeance after ethanol contact, as shown in Figure
4.10. In general, alcohol and water interactions provided the highest correlation with the
change in water permeance after contact among all properties studied. Our findings
suggest that the energy released by mixing water and alcohol is translated into an increase
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in water permeance of TFC membranes. This result could be attributed to the breaking
and exposing of hydrogen bond sites as suggested by Louie et al. [53]. However, this
would be enabled by the energy released from alcohol interacting with water, rather than
the alcohol interacting with the active layer leading to plasticization.
∆𝐺𝐺𝑚𝑚
𝑅𝑅𝑅𝑅

𝐺𝐺 𝐸𝐸

(4.16)

= 𝑅𝑅𝑅𝑅 + ∑ 𝑥𝑥𝑖𝑖 ln 𝛾𝛾𝑖𝑖

Figure 4.15. Affinity constant calculated from Eq. 4.9 using the fitted K2 for each alcohol versus the
maximum change in Gibbs free energy of mixing (area under the curve in Eq. 4.16). The dotted line is a
guide for the reader′s eye.

Finally, we studied the active layer pre-existing capacity (K1), which is expected
to be a characteristic of the polyamide layer itself at equilibrium. Figure 4.16 shows a
linear correlation between the active layer pre-existing capacity (at 5 min of contact) and
the inverse of the initial water permeance (R2 = 86.1%). This result suggests that the
change in water permeance after contact with the alcohol is higher if the membrane is
tighter (such as a seawater desalination membrane) compared to a looser membrane with
higher initial water permeance (such as a brackish water desalination membrane). If we
assume that a membrane with higher cross-link density has more amide bonds and lower
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water permeance, then we can expect this membrane to be more susceptible to the
formation of free volume by breaking hydrogen bonds between amide linkages, similarly
to the example shown by Louie et al. [53]. Then, the negative pre-existing capacity for
the XLE membrane suggests that XLE has a high initial free volume, and a short-term
contact with alcohols leads to the formation of hydrogen bonds between amide linkages.

Figure 4.16. Estimated pre-existing capacity (at 5 min of contact) of the active layer from the dual-mode
sorption model versus the inverse of the initial water permeance for each membrane. The dotted line is a
guide for the reader′s eye.

Therefore, we suggest that membranes with low initial water permeance will
show higher changes in permeance after contact with an alcohol because their higher
density of inter-chain hydrogen bonds can be converted into volume for water to occupy.
Figure 4.17 (top) shows a pictorial representation of this process. In the case of an active
layer with greater affinity for alcohol, a plasticization effect will lead to a densification of
the polyamide layer. This results in increased salt rejection and no increase (or reduction,
depending on its initial capacity) in the water permeance. Figure 4.17 (bottom) shows a
representation of a three-stage mechanism that leads to changes in water permeance after
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alcohol contact. First, a membrane with an initial concentration of water in the active
layer contacts an excess of alcohol, which takes the place of the water within the active
layer. Due to the more favorable interactions between the active layer and the alcohol, the
concentration of alcohol within the membrane is higher than the water concentration. The
concentration of alcohol within the membrane will be higher as time increases until it
reaches equilibrium; however, in this work, the time was kept short and constant at 5 min.
Finally, when an excess of water is contacted with the alcohol-wetted membranes, water
takes the place of the alcohol within the active layer. However, the water concentration
within the active layer is now different than the initial water concentration, and generally
higher. The change in water content within the active layer depends on the alcohol
miscibility with water and the polymer initial condition, as described by the dual-mode
sorption model used above.

Figure 4.17. Schematic of the proposed change in tight and loose polyamide layers after contact with short
chain alcohols. (Top) A comparison of the effect of alcohol contact between a tight and a loose TFC RO
membranes. (Bottom) A representation of a three-stage mechanism that leads to changes in water
permeance after alcohol contact.
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4.5 Conclusions
The effect of contact with different short-chain (C1–C4) monohydric alcohols on
the transport properties of MPD-TMC-based polyamide active layers of commercial thinfilm composite reverse osmosis membranes has been studied. Changes to water
permeance and salt rejection depend on the type of membrane and alcohol used. A
simplified dual-mode sorption model shows that changes in water permeance depend on
two coupled factors: active layer pre-existing capacity and the affinity of the alcohol with
the active layer. Active layers with higher pre-existing capacity to create new pores had
lower water permeance before alcohol contact, such as seawater desalination membranes.
Alcohols with higher affinity with the active layer had lower Gibbs free energy of mixing
with water. Our findings suggest that water interactions with the alcohol (miscibility)
determine the amount of alcohol within the polymer, which later can lead to previouslyproposed disruption of inter-chain hydrogen bonds increasing the free volume water can
access within the polymer. Our studies provide a modeling framework to estimate the
changes in transport properties after short-term contact with short-chain alcohols that is
especially useful when selecting conditions for wetting the support layer of TFC
membranes for osmotically-driven membrane processes.
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CHAPTER FIVE:
EFFECT OF MECHANICAL STRAIN ON THE TRANSPORT PROPERTIES OF
THIN-FILM COMPOSITE MEMBRANES USED IN OSMOTIC PROCESSES

5.1. Introduction
Osmotic processes (OP) rely on a difference in osmotic pressure across a
membrane to drive fluid flow. Examples of these processes are osmotically-assisted
reverse osmosis [154], pressure-retarded osmosis (PRO) [5,155], forward osmosis [156],
and pressure-assisted forward osmosis [83,90]. Unlike reverse osmosis (RO), OP suffer
from the detrimental effects of internal concentration polarization (ICP). In RO
desalination, both water and salt are transported from the high concentration feed to the
permeate side of the membrane; however, separation occurs because water moves
considerably faster than salt through the membrane. In OP, water and salt move in
opposite directions; therefore, the difference in solute concentration (i.e., osmotic
pressure) between the two surfaces of the membrane active layer is reduced due to this
counterdiffusion of water and salt. ICP derives from a diffusion-limited transport of the
solutes through the membrane supporting structures, which include porous support and
backing layers in the case of a thin-film composite (TFC) membrane.
Membrane supports often are characterized by means of the structural parameter
(S) [57]. This parameter is defined as the effective distance that the solute travels by
diffusion across the membrane support. Eq. 5.1 gives the definition of intrinsic structural
parameter in terms of the membrane thickness (tm), tortuosity (τ) and porosity (φ).
According to this equation, reducing thickness and increasing porosity would decrease
the effective distance for solute diffusion, which would reduce the detrimental effect of
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ICP, and thereby yield higher productivity [157]. However, reducing membrane support
thickness increases the mechanical tensile load at a given transmembrane pressure.
Additionally, increasing porosity reduces both the strength and stiffness of a membrane
support, reducing the load that the membrane can withstand without failure. These
considerations suggest that a tradeoff exists between mechanical stability of the
membrane support and its productivity, particularly for OP that experience a
transmembrane pressure, such as in PRO.
𝑆𝑆 =

𝑡𝑡𝑚𝑚 𝜏𝜏

(5.1)

𝜑𝜑

Multiple studies have reported improved PRO performance by controlling the
membrane support characteristics that compose the structural parameter while attempting
to improve the membrane mechanical properties [158–160]. Other studies have focused
on improving the feed spacer and membrane cell design to minimize membrane
mechanical deformation during PRO operation [21,22,82]. These studies have observed
that the salt flux during PRO operation increases as transmembrane pressure increases.
This dependence is not predicted by conventional solution-diffusion models used to
describe OP [36,37,161]. It has been attributed to membrane deformation, both
compaction and bending, against the membrane feed spacer. Different test methods,
models and parameter estimation algorithms have been proposed based on the
conventional solution-diffusion models to improve predictability and interpretation of the
experimental results in OP [21,80,83,84,162–164]. These approaches have tried to
address the fact that the membrane transport properties (i.e., water permeance, A, salt flux
coefficient, B, and S) change due to membrane deformation by making them
mathematically dependent on pressure, or introducing new parameters that depend on
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pressure. General observations of these studies are four-fold: (1) A and B values
measured via RO with the membrane on a permeate carrier (as feed spacer) are lower
than the case of the membrane on a diamond-shaped feed spacer. (2) B increases
relatively faster than A as transmembrane pressure increases due to loss of selectivity. (3)
The structural parameter can either increase or decrease depending on the type of feed
spacer used. (4) The membrane will deform to some extent, taking the shape of the spacer
regardless of the type of feed spacer used.
Since all previous observations suggest a loss of selectivity due to membrane
deformation, efforts have been made to increase membrane mechanical stability.
Khraisheh and coworkers [71] reviewed the typical mechanical properties reported for
membranes used for water desalination. For polymeric membranes these include the
tensile stress-strain curve, the Young’s Modulus, yield strength, tensile strength (at
break), elongation at break, toughness, and burst strength [71]. However, no clear
heuristics have been established to guide improvements in the mechanical properties that
are most relevant to minimizing the detrimental effects of membrane deformation on
selectivity.
The goal of this work was to study water and salt transport through TFC
membranes that were subjected to known degrees of strain. We define failure of the
membrane as the loss of selectivity, rather than defining it as irreversible mechanical
deformation (i.e., stress on the membrane above its yield or tensile strength), by
proposing an osmotically-driven burst pressure test for flat sheet membranes. We
demonstrate the importance of knowing the stress-strain curve of the membrane, and
highlight that stiffer membrane structures are desirable to avoid reaching a strain above
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the reported onset fracture strain of the selective layer [77]. Since membrane deformation
has been reported regardless of the feed spacer used, we assumed that the stress on the
membranes is above the yield strength of the membrane supporting structure. The
implication is that the membrane deformation is not represented by the Young’s Modulus
(elastic deformation), but instead a secant modulus that can be calculated from the stressstrain diagrams. We propose a transport model to represent the salt and water flux
through the membrane more accurately during PRO operation. This model is based on
our observations of membrane mechanical deformation and includes the change in
surface area; the change in structural parameter; and the creation of non-selective,
localized defects. Our model suggests that the changes in surface area and the structural
parameter are relatively small, and the appearance of local defects has the largest
influence on the increased salt passage during PRO operation. Finally, we introduce a
deformability coefficient and our solution diffusion model with defects to guide the
design of membranes and modules for pressurized OP such as PRO.

5.2. Experimental
5.2.1 Materials and chemicals
SEAMAXX and SW30XLE seawater desalination membranes were provided by
DuPont Water & Process Solutions (Edina, MN, USA). Before any testing, membrane
samples were rinsed with DI water (resistivity > 18.2 MΩ cm) obtained from a Milli-Q
water purification system (EMD-Millipore, Burlington, MA) to remove protective
coatings. Sodium chloride (NaCl, anhydrous, >99%) was purchased from Sigma Aldrich
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Inc. (St. Louis, MO, USA). Ethanol (anhydrous) was purchased from Fisher Scientific
(Pittsburgh, PA, USA).
5.2.2 Characterization of TFC membranes
Tensile strength and Young’s Modulus of the SEAMAXX and SW30XLE
membranes were measured based on the ASTM D882-12 standard [165] using an Instron
1125 Universal Testing Machine (Instron, Norwood, MA, USA). Five measurements
were made per sample. Additionally, this machine was used to prepare membrane
samples that were preconditioned by applying a defined strain. To do so, a sample was
clamped between hydraulic jaws that exerted a pressure of about 100 bar and then
extended to apply a target strain value (hold strain). At this point the stress was
maintained constant for 5 min by an internal controller, and then the sample was released
from the hydraulic jaws. For these experiments, a 100 kg load cell was used, the gap
between clamping devices (jaws) was kept at 76 mm, the width of the samples was 76
mm, and the pulling rate was 7.6 mm/min. These conditions were modified from the
ASTM D882-12 standard to obtain membrane coupons that were testable in our
permeation apparatuses. TFC membranes with the non-woven backings removed
(hereafter called backing-free samples) also were subjected to testing. In this case, the
gap between jaws was kept at 30 mm, the width of the samples was 10 mm, and the
pulling rate was 3 mm/min. At least three measurements were made per sample.
Scanning electron microscopy (SEM) was used to image the top surface of
membranes before and after permeation testing to observe changes in the morphology
and characterize the deformed active layers. Samples were sputter coated with goldpalladium for 2 min using an Anatech Hummer® 6.5 (Anatech Limited, Denver, NC,
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USA). A Hitachi S4800 High Resolution SEM (Hitachi Limited, Tokyo, Japan) was used
with an accelerating voltage of 10 kV.
An Olympus LEXT 3D laser microscope OLS4000 (LEXT software version
2.2.3, Olympus Scientific Solutions Americas, Inc., Waltham, MA, USA) was used to
visualize and quantify the deformation of membranes tested in PRO mode. Adjacent
images on a sample were taken with a 10x objective lens and stitched together to
visualize an area of 11.7 mm × 7.1 mm (83 mm2). The maximum deflection was
measured by selecting a unit of membrane area on top of a feed spacer opening, which
was determined by visualizing the feed spacer wire profile on the membrane surface (see
Figure 5.1 in Supporting Information). Then, this membrane area was surveyed to find
the maximum deflection (see Figure 5.2). Five measurements were made on three
different SEAMAXX samples recovered after PRO testing.
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Figure 5.1. Example LEXT images of tested membrane coupons and an as-received (non-tested)
membrane. Blue lines indicate the direction of the feed spacer wires.
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Figure 5.2. (Top) 3D rendering of a tested membrane coupon used to measure the deflection. (Bottom)
Examples of membrane section on top of one opening. The blue planes are perpendicular to the wire
direction and show the largest deflection. Units are in μm.

The thicknesses of the as-received and backing-free TFC membranes were
measured with a Mitutoyo 293-340-30 Digital Micrometer (Mitutoyo Corporation,
Kawasaki, Japan). Four measurements were taken at different spots per sample.
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Figure 5.3. Schematic of the burst pressure testing apparatus.

Burst pressures were measured using a lab-built diffusion cell (see Figure 5.3 in
Supporting Information). Four experiments were conducted for each membrane type.
Measurements were made for as-received SEAMAXX TFC membrane and a backingfree SEAMAXX membrane coupon. The diffusion cell was made of welded PVC piping.
From top to bottom, the apparatus consisted of a 25.4 mm (1 in) ball valve, a 25.4 × 6.4
mm (1 × ½ in) reducing tee connected to a reducing bushing 12.8 × 6.4 mm (½ × ¼ in), a
25.4 mm (1 in) flange, a gasket, and another 25.4 mm (1 in) flange. A pressure
transmitter (Wika A-10 0-300 psi 4-20 mA, Wika USA, Lawrenceville, GA, USA) was
connected to the reducing tee and used to record the pressure inside the cell continuously.
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During a typical experiment, a water rinsed membrane coupon was installed between the
gasket and the bottom flange, with the active layer facing the gasket. Plastic bolts and
nuts (to avoid corrosion) were used to tighten the two flanges and provide a seal.
Approximately 110 mL of 1.5 M NaCl solution were added to the cell while ensuring the
removal of any entrapped air, and then the ball valve was closed. The entire cell was
placed into a container with 1 L of tap water (resistivity = 2.0 kΩ cm), a stir bar was
added, and the container was placed atop a stir plate with a set stirring speed of at least
150 RPM. Finally, a Sensorex CS150TC conductivity probe connected to a Sensorex
CX10 transmitter (Sensorex Inc., Garden Grove, CA, USA) was placed into the container
and it was used to record the conductivity of the tap water during the experiment. The
pressure inside the cell and the conductivity of the tap water were recorded using a NI
USB-6001 and a graphic user interface created in NI LabView 2018 (National
Instruments, Austin, TX, USA).
5.2.3 TFC membrane transport property measurements
Water permeance (A) and salt rejection (R) were measured for SEAMAXX and
SW30XLE samples that were preconditioned by applying a defined linear strain, as
described in Section 2.2. Membrane coupons were cut from a strained sample and soaked
in DI water for 5 min to remove protective coatings. The SW30XLE membrane coupons
were submerged for 5 min into a 50:50 (v/v) ethanol/water solution before testing to
increase its water permeance, and thus reducing the testing time. This membrane was
selected since our previous study showed larger changes in transport properties for
SW30XLE than SEAMAXX membranes upon alcohol wetting [166]. The testing was
done with a direct-flow apparatus that connects to three Sterlitech HP4750 stirred cells
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(membrane active area = 14.6 cm2, Sterlitech Corporation, Kent, WA, USA) in parallel.
The cells were filled with a 2000 ppm NaCl feed solution (osmotic pressure of 1.7 bar at
25°C) and set on stir plates with stirring speeds no lower than 120 RPM. The system was
pressurized up to 17.2 bar using compressed air. The system was operated for 30 min
after permeation began to achieve a constant flowrate. Thereafter, the mass of permeate
(mP) was recorded for a time (t). The water flux (Jw,RO) was calculated using Eq. 5.2,
where ρ is the density of the permeate (assumed to be water), and A’ is the membrane
active area. A and R were calculated using Eqs. 5.3 and 5.4, where cP and cF are the
concentrations of the permeate and the feed solution. Finally, the salt flux coefficient (B)
was estimated using Eq. 5.5, assuming a mass-transfer coefficient (k) of 1.07 × 10-5 m/s
[166]. At least three samples were tested per degree of deformation (i.e., applied linear
strain) for each membrane type. While direct-flow is not ideal for estimating the salt
rejection, it allowed data collection and analysis of the two membranes at multiple values
of linear strain within the project timeline.
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Osmotic water and salt flux through the TFC membranes in PRO mode (active
layer facing the draw solution) were measured using a lab-built cross-flow apparatus
described elsewhere [118]. These osmotic flux measurements were used to estimate the
TFC membrane structural parameter (S). The apparatus uses a custom cell with two
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crossflow channels of 44 mm length, 14 mm width, and 2.35 mm depth, resulting in a
membrane active area of 616 mm2. It was used in countercurrent mode. Following a
previous procedure, the membranes were contacted with a 50:50 (v/v) ethanol/water
solution to wet the pores fully, followed by a thorough rinse with DI water, installation in
the cell, and flooding of the feed channel with DI water to remove trapped air bubbles
[57,118,167].
Four diamond-shaped spacers, two with 1.4 ± 0.1 mm opening size and two with
1.8 ± 0.1 mm opening size were used in the feed solution channel of the cross-flow
membrane cell. The TFC membrane was placed directly on top of a spacer with smaller
opening size. Draw solution (cD = 0.6 M NaCl, 29.7 bar osmotic pressure at 25°C) and
feed solution (DI water) were circulated through the membrane cell at equal flowrates of
1 LPM. The reservoir tanks held approximately 4.3 L of draw solution and 2 L of feed
solution (Vfeed). Five transmembrane pressures (ΔP) were tested: 12.5, 9.44, 5.94, 2.58,
and 0.47 bar. The time period for each measurement (Δt) was 18 min starting when the
rate of mass loss from the feed solution tank became constant (indicating steady state
operation). Water mass loss from the feed solution tank (Δwwater) was recorded at each ΔP
and used in Eq. 5.6 to calculate the osmotic water flux (Jw). Concurrently, the change in
the conductivity of the feed solution tank (Δcfeed) was recorded and used in Eq. 5.7 to
calculate the salt flux (Js).
𝐽𝐽𝑤𝑤 =
𝐽𝐽𝑠𝑠 =

∆𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

(5.6)

𝐴𝐴′ 𝜌𝜌∆𝑡𝑡

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∆𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(5.7)

𝐴𝐴′ ∆𝑡𝑡

141

5.3. Results and Discussion
5.3.1 Effect of linear strain on TFC membrane properties
Figure 5.4a illustrates how the deformed TFC membranes were prepared using a
tensile test apparatus. A sample of initial length (l0) between clamps was stretched until
the linear strain (εl, calculated using Eq. 5.8) reached a predetermined value (lh at hold
strain). Then, the sample was kept under constant stress for 5 min, which resulted in an
increase of the sample length due to creep (lm at maximum strain). Finally, the stress was
released, and the sample contracted to its final length (lf at the final strain). Since an
initial tensile test revealed a strain-at-break of 20%, the hold strain values were varied
from 1% to 15%. Figures 5.2b and c show typical results for SEAMAXX samples
subjected to 15% and 1% hold strains. In Figure 5.4b, a yield point is observed at a stress
of around 15 MPa and a strain around 2%; nevertheless, sample creep was observed
below this yield point, as shown in Figure 5.4c.
(5.8)

𝜀𝜀𝑙𝑙,𝑖𝑖 = (𝑙𝑙𝑖𝑖 − 𝑙𝑙0 ) ⁄𝑙𝑙0 × 100%

Figure 5.4d shows the relationship between stress and strain at the hold point for

the SEAMAXX and SW30XLE membranes. For both membrane samples there is a
change in the slope of the stress-strain curves above 2% hold strain, suggesting they have
similar strain-at-yield values. Above this yield point, both membranes show a linear
stress-strain response. The Figure 5.4d insert shows a picture of SEAMAXX membrane
coupons (active layer facing up in all cases) that were deformed by applying hold strains
of 2%, 5%, 7% and 15%. It reveals a change in the coupon curvature for deformation
above the yield point. This observation indicates that the porous support contracts less
than the backing layer after stress is released. On the other hand, the stress at the

142

maximum hold strain tested (15%) was just above 20 MPa for both membrane samples,
which suggests that the membranes share similar backing and porous support layer
materials, given the similar mechanical behavior. Changes in transport properties due to
deformation, therefore, can be attributed to differences in the response of their active
layers to the applied strain.
Figures 5.2e and f show the effect of hold strain on values of maximum strain
after a creep time of 5 min, and values of final strain for SEAMAXX and SW30XLE
membrane samples. The quotient of the maximum strain and the final strain was
measured to be 1.49 for SEAMAXX and 1.79 for SW30XLE. This set of measurements
suggests that during operation in PRO (membrane under stress), TFC membranes can be
deformed up to 79% greater than what is visualized upon autopsy of a tested coupon.
This finding is important for designing experiments to accurately determine the burst
point of the active layer upon pressure-induced deformation.
Figure 5.5 shows the effect of hold strain on the backing-free SEAMAXX
membrane. In this case, the quotient of the maximum strain and final strain at 10% hold
strain was 1.45, like the value obtained for the as-received membrane. However, during
testing, 62% of the 10% hold strain samples and 20% of the 5% hold strain samples
failed during the test interval. The high failure rates suggest that the backing-free
structure is likely to break when subjected to constant stresses close to its tensile strength.
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Figure 5.4. Schematic illustration of the method used to prepare deformed TFC membrane samples using a
tensile test apparatus (a). Typical result of a creep test for a SEAMAXX sample subjected to a hold strain
of 15% (b) and a 1% hold strain (c). Measured tensile stress (d), maximum strain after a creep time of 5
min (e), and final strain at different applied hold strains (f) during TFC membrane deformation tests.
Numbers 1 and 2 denote SEAMAXX and SW30XLE samples. The insert in d1 shows a picture of
membrane coupons that were deformed by applying hold strains of 2%, 5%, 7% and 15%.
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Figure 5.5. Measured tensile stress (a), maximum strain after a creep time of 5 min (b), and final strain at
different applied hold strains (c) during SEAMAXX backing-free deformation tests. During testing 62% of
the 10% hold strain samples and 20% of the 5% hold strain samples broke during the 5 min hold interval.
Error bars represent uncertainty of at least three samples.

Figure 5.6 shows the measured water permeance and salt flux coefficient for
deformed SEAMAXX and (ethanol pre-treated) SW30XLE coupons with respect to the
final strain. During these transport measurements, the membranes were supported on a
flat, porous sintered steel plate. Thus, no additional tensile strain is expected during
testing. The transport properties of the SEAMAXX membrane were affected more by the
applied strain than the SW30XLE membrane. Both water permeance and salt flux
coefficient of SEAMAXX membranes increased up to 50% upon deformation compared
to as-received membranes, which could be attributed to the thinning of the active layer
and the creation of interchain volume in the active layer upon stretching. To visualize
how strain changes the morphology of the active layer, we obtained SEM images of the
tested SEAMAXX coupons. Figure 5.7 shows that upon increasing the applied strain,
deformed (darker) areas appear on the surface of the active layer. The deformed areas on
SEAMAXX grew perpendicularly to the direction of the stress, similarly to the crack
sites reported by Stafford and coworkers when applying stress to polymer films and
membranes [77]. However, we do not believe that the deformed areas are cracks since
this would lead to a considerable increase in the salt passage through the membrane,
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which was not observed. Instead, we believe they are regions of stretched polyamide with
lower resistance for transport of water and salt. Samples with the largest deformation
(15% hold strain) formed salt crystals along the interfaces between the deformed and
intact polyamide (after testing and drying), further suggesting that the highest salt
passage occurs through these deformed regions.

Figure 5.6. Dependences of water permeance and salt flux coefficient on final linear strain (degree of
deformation).

Figure 5.7. SEM micrographs of deformed SEAMAXX membranes following transport measurements.
Samples with different final linear strain are shown. Stress direction and scale bars are common.

Conversely, the tighter SW30XLE membrane showed random variations in the
measured transport properties upon deformation (Figure 5.6b) suggesting that this active
layer is less susceptible to deformation. More interestingly, no break point (i.e., drastic
increase in salt flux) was observed for SEAMAXX or SW30XLE up to final strains of
11% and 12%, respectively. Stafford and coworkers [77] measured the onset fracture
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strain of commercial crosslinked polyamide layers from a SWC4+ TFC membrane
similar to the SEAMAXX and SW30XLE membranes. The reported average onset
fracture strain was 14% (±4%) which is above the maximum final strain values for the
membranes that we tested. Yet our maximum strains during coupon preparation
approached 20% (Figure 5.4e), above the reported onset fracture strain. Thus, we submit
that active layers in the TFC membranes tested can recover in part from the onset of
fracture upon the release of the stress (and consequent reduction of strain). To overcome
the experimental challenge of measuring the burst strain of the polyamide layers without
breaking the whole membrane structure (found to occur at an applied strain of 20%), we
designed a burst pressure experiment that we describe in the following section.
5.3.2 Burst pressure and localized strain in TFC membranes
Wang et al. [71] reviewed the methods used for measuring the mechanical
properties of membranes for water treatment. Among the reported properties was the
burst pressure, which often is evaluated by pressurizing a membrane cell and, depending
on the membrane configuration, recording: (1) the pressure when sudden change in
conductivity occurs (hollow fibers) or (2) the pressure when the whole membrane breaks
(Mullen burst test, flat sheets) [76]. The first method is more useful to relate mechanical
properties with membrane performance since it determines the pressure at which the
membrane loses its selectivity (transport failure), compared to the second method which
measures a mechanical failure. We translated the first method to a flat sheet configuration
to evaluate the burst pressure (defined as sudden loss in selectivity) of flat sheet
membranes by constructing the lab-built apparatus shown in Figure 5.3. Figure 5.8a
shows representative examples of pressure and conductivity profiles during a burst
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pressure experiment for as-received and backing-free SEAMAXX membranes. The xaxis in Figure 5.8a has been normalized to have a similar time-to-burst (tburst); however,
this time was different in every experiment ranging from 15 h to 30 h for the as-received
membranes and from 7 h to 82 h for the backing-free membranes. In Figure 5.8a the burst
pressure is denoted as the maximum pressure reached before tburst, which was higher for
the as-received membrane than the backing-free membrane. After this point, a change
was observed in the slope of the conductivity of the water in the container versus time.
Figure 5.8b shows the measured burst pressure for SEAMAXX as received and
backing-free samples. The burst pressure was approximately 10 times higher for the
membrane with the backing layer, which is expected since the role of the nonwoven
backing is to provide mechanical stability to the TFC membrane structure. Figure 5.8b
also shows the membrane coupon maximum deflection, w0, defined as the offset distance
of the center of the test coupon from the original test plane. The as-received membrane
showed a lower degree of deformation (i.e., deflection); however, values for w0 were
evaluated after testing when there was no applied stress on the membrane coupons. Since,
our creep tests showed that the as-received membranes can recover partially after stress is
released, and that the porous support is more susceptible to irreversible deformation than
the backing layer, we believe that the actual strain-at-burst for the as-received membranes
is higher than the measured value, and closer to the measured value for the backing-free
samples.
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Figure 5.8. (a) Typical burst pressure test results. (b) Measured burst pressure (gray bars) and membrane
coupon deflection (black diamonds) after burst pressure tests for SEAMAXX as-received and backing-free
samples. The insert in b is a picture of a typical as-received membrane coupon after testing with the
backing layer facing upward. Dotted line outlines the deformed testing area. (c) Secant modulus of the asreceived SEAMAXX membrane. Dashed lines highlight the final strain measured from coupons tested for
burst pressure and the corresponding secant modulus. Dotted lines show equation fits used to evaluate the
secant modulus using the measured final strain. (d) Measured final strain, calculated strain and maximum
local strain at burst (bars), and the observed secant modulus at burst (black diamonds). Dashed lines show
the reported range of the onset fracture strain for the active layer of a TFC RO membrane [77].

The deflection of a thin membrane on top of a circular opening of radius RM
follows a parabolic profile (as shown in Eq. 5.9); and ΔP during the burst pressure testing
can be estimated using Eq. 5.10 [168], where σ0 is the residual stress on the membrane,
EM is the Young’s Modulus of the membrane, νM is the Poisson ratio of the membrane,
and tm is the membrane thickness. The term to the right of σ0 is the stress induced to the
membrane that leads to a deflection (σR), which we assumed to be considerably greater
than σ0. The Poisson ratio of porous materials approaches zero as the porosity increases
[169,170]. Since the porosity of TFC membranes varies through the cross-section and can
be as high as 60%, we assume that νM is 0, and we do not expect this value to be above
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0.1. The thickness of the SEMAXX membrane was measured to be 154 ± 1 μm as
received and 88 ± 2 μm when the nonwoven was removed. The Young’s Modulus of the
SEMAXX membrane as received was calculated to be 784 MPa (Eq. 5.11, where σ is the
stress) from Figure 5.4d at the lowest hold strain (elastic region). Substituting these
values and the maximum deflection w0 reported in Figure 5.8b into Eq. 5.10 gives an
estimate of 18 bar for ΔP, which is considerably higher than the experimentally measured
value of 5 bar. The reason for this discrepancy is that the application of Young’s Modulus
assumes that the material behaves elastically. The permanently deformed coupons
provide contrary evidence to this assumption. The membranes deform irreversibly, i.e.,
the stress on the material during testing was higher than its yield strength. To account for
this irreversible deformation, we propose to use a secant modulus, defined as the slope of
the line that passes through the origin of the stress-strain curve and a second point on the
stress-strain curve (Figure 5.4d). Secant modulus varies with strain and, therefore, must
be defined based on the strain value that is used.
𝑥𝑥 2

(5.9)

𝑤𝑤 = −𝑤𝑤0 �1 − 𝑅𝑅2 �
∆𝑃𝑃 =

4𝑤𝑤0 𝑡𝑡
2
𝑅𝑅𝑀𝑀

𝜎𝜎

𝐸𝐸𝑀𝑀 = 𝜀𝜀

𝑀𝑀

2 𝑤𝑤 2

𝐸𝐸

�𝜎𝜎0 + 3 𝑅𝑅20 1.026−0.793𝜐𝜐𝑀𝑀
𝑀𝑀

2
𝑀𝑀 −0.233𝜐𝜐𝑀𝑀

�

𝑙𝑙,ℎ

(5.10)
(5.11)

In Figure 5.8c the secant modulus is plotted with respect to the final strain. The
estimated secant modulus at the final strain after burst pressure testing (8.2%) was
estimated to be 194 MPa. Applying this value and the experimentally measured burst
pressure (5.0 bar), Eq. 5.10 was used to calculate an expected deflection of 0.55 cm (0.09
cm higher than the measured value). Since our creep tests showed that the as-received
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membranes can recover partially after stress is released, we expect that the deflection
decreases slightly after removing the coupon from the testing apparatus. We therefore
believe that the estimated deflection from Eq. 5.10 represents the strain-at-burst for the
as-received SEAMAXX membrane. Figure 5.8d shows the measured final strain and
calculated strain-at-burst of the SEAMAXX membrane (as received and backing-free).
Since we showed that the backing-free membrane is likely to break during a period of
constant stress close to it tensile strength (Section 5.3.1, Figure 5.5), it was assumed that
the backing-free membrane does not recover from the deformed state; therefore, the
measured value is the same as the estimated strain-at-burst. The calculated strain-at-burst
for the as-received membrane was 40% higher than the measured final value, which
agrees with our observation during our tensile creep tests (constant stress testing) that the
final and maximum strain values differ up to 49% for the SEAMAXX membrane. Also,
the estimated strain-at-burst for SEAMAXX samples fall within the range of the reported
onset fracture strain of a polyamide layer from another commercial membrane [77].
However, the calculated strain-at-burst for the as received and backing-free membranes
are different (at confidence interval of 95%), which suggests that, in the as received case,
other factors can contribute to the failure of the membrane during the burst test.
To calculate the maximum strain subjected to a membrane coupon, we used local
strain, which we defined in Eq. 5.12 as the relative differential change in length of the
membrane (dx) due to a deflection (dw). The maximum local strain is calculated using
Eq. 5.13 which is obtained by substituting the derivative of Eq. 5.9 into Eq. 5.12 and
evaluating it at the border of the circular opening (i.e., x = RM). Figure 5.9 shows the
difference between the observed strain (average value) and the local strain. Figure 5.8d
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shows that the maximum local strain can reach values above 20% at the border of the
opening, above the reported onset fracture strain, suggesting that this location of the
membrane is most susceptible to failure.

Figure 5.9. Schematic showing the typical height profile of a membrane coupon after burst pressure testing
and its corresponding deflection profile derivative (left axis). Also shown is the strain measured from tested
coupons and its comparison to the estimated local strain profile based on parabolic deformation of the
membrane coupon (right axis).
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Figure 5.8d also shows that the estimated secant modulus of the backing-free
membrane was 16 MPa, which was calculated from Eq. 5.10 using the measured burst
pressure and deflection. It has been reported for unsupported, porous polysulfone
membranes that the tensile strength ranges from 4.2 to 7.3 MPa, and the elongation at
break from 20% to 25% with uncertainties of up to 18% [171–173]. We previously
reported the tensile strength of a backing-free SW30HRLE membrane to be 5.3 MPa
[118]. For the SEAMAXX backing-free membrane we measured its tensile strength to be
4.8 ± 0.1 MPa, and its elongation at break 24% ± 3%. The secant modulus has its lowest
value at the break point (see Figure 5.8c for example). Using these reported values, the
secant modulus at break would range from 17 MPa to 36 MPa. We believe that our
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calculation of a secant modulus of 16 MPa for the backing-free membrane is reasonable
given the fact that the strain rate in the burst pressure experiment (test time > 7h) is much
slower than a tensile test (test time < 3 min), allowing the material to show stress
relaxation. Nonetheless, our observation supports the idea that the secant modulus and the
reported onset fracture strain [77], can be used with Eq. 5.10 to estimate the burst
pressure of the TFC membrane for both the as-received and backing-free samples.
5.3.3 Introducing membrane deformation into boundary layer model
After analyzing the deformation and burst pressure for membranes atop a large
opening size (25.4 mm) and relating them to the membrane mechanical behavior (secant
modulus), we used those findings to correlate the increased salt flux during PRO
operation with the increased strain on the membrane due to deformation against the feed
spacer. Initially, the PRO tested membrane coupons were analyzed using LEXT, which
allowed us to visualize and quantify the deformation of the membrane. Figure 5.1
compares representative LEXT images of tested membrane coupons to an as-received
membrane. The images show that the membrane coupons were deformed irreversibly by
compression against the wires of the feed spacer that supported them within the
membrane cell. Similar to the burst pressure tests, the membrane coupons were subjected
to stresses higher than the yield strength of the membrane and were deformed
irreversibly. Additionally, dark areas were observed in the tested coupons, and generally
appeared adjacent to the wire path (blue lines in Figure 5.1). This observation further
supports the idea that higher deformation occurs along the border of the opening, which
we postulated based on findings from the burst pressure experiments.
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Figure 5.2 shows a 3D rendering of a tested membrane coupon based on measured
height profiles, which were used to measure the deflection of the membrane. This
measurement was done by selecting a membrane section spanning an opening and
choosing a cross-sectional plane perpendicular to the wire direction that had the largest
deflection (w0), also shown in Figure 5.2. Figure 5.10a presents an example deflection
profile obtained using LEXT of a tested TFC membrane after osmotic flux measurements
in PRO mode at a maximum pressure of 12.5 bar. When evaluating the change in
deflection with distance (dw/dx), two deformation profiles appeared: one followed the
shape of the wire, and the other followed a parabolic trajectory (like the coupons tested
for burst pressure). The local strain profile was calculated using Eq. 5.12, which revealed
a maximum strain of just below 4% at the border between the deformation profiles.
Figure 5.10b shows the measured deflection and length of the parabolic profile measured
with LEXT. The final average deflection measured after testing (i.e., after releasing the
applied stress) was 110 μm ± 49 μm and the average length of the parabolic profile was
1.41 mm ± 0.16 mm, which is slightly longer than the measured opening size of 1.37 mm
for the feed spacer. The measured final strain was 1.8%, the estimated strain evaluated at
Pmax (12.5 bar) using Eq. 5.14 [168] and the secant modulus (437 MPa) from Figure 5.8c
was 10%, and the calculated maximum local strain was 29% at the border between the
wire and parabolic profiles at Pmax. These results reveal that the SEAMAXX membrane
was deformed above the reported onset fracture strain; therefore, a loss in selectivity
would be expected, which agrees with an increased salt flux observed during PRO testing
with the cross-flow cell.
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Figure 5.10. (a) Example of a deflection profile (taken at the maximum deflection) of a tested TFC
membrane after osmotic flux measurements under PRO mode at a maximum pressure of 12.5 bar. (b) The
final average deflection and the length of the parabolic profile. (c) Measured final strain, the estimated
strain at Pmax (12.5 bar), and the calculated maximum local strain at Pmax. Values are for averages obtained
using LEXT on a deformed SEAMAXX membrane on top of a feed spacer opening.

Figure 5.11a,b shows the experimental results (symbols) for osmotic water flux
(Jw) and selectivity (Js/Jw) in PRO mode at different transmembrane pressures for the
SEAMAXX and SW30XLE membranes. The water flux followed the expected
decreasing trend with increasing transmembrane pressure; however, salt flux showed an
unpredicted, but commonly reported, increasing trend. With the goal of improving the
predictive modeling of the salt flux dependence with pressure during PRO operation, we
developed a boundary layer model that is based on a conventional model [36]. This
model relates the deformation of the membrane (defined as linear strain) with the
transmembrane pressure by using the mechanical properties of the membrane and the
spacer characteristics, and following the observations obtained from our mechanical
property tests (Sections 3.1 and 3.2). Eq. 5.15 relates the strain (εl) and ΔP. Its derivation
is presented in Supporting Information. We introduce a “deformability” coefficient K,
defined in Eq. 5.16, where aM is the opening size of the spacer. Note that K is
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independent of strain if the material behaves elastically. However, if the stress exceeds
the yield point, then EM becomes the secant modulus (instead of the Young’s Modulus),
which depends on the strain of the membrane.
1

𝜀𝜀𝑙𝑙 = 2 �

3

sinh−1 �𝐾𝐾 √∆𝑃𝑃�

𝐾𝐾 = 1.43 �

3

𝐾𝐾 √∆𝑃𝑃

2

+ ��𝐾𝐾 √∆𝑃𝑃� + 1� − 1
3

1/3
1−𝜈𝜈𝑀𝑀
�
𝑡𝑡 𝐸𝐸𝑀𝑀 (1.446−0.427𝜈𝜈𝑀𝑀 )

𝑎𝑎𝑀𝑀

(5.15)
(5.16)

Figure 5.11. (a) Osmotic water flux and (b) selectivity results in PRO mode for the (1) SEAMAXX and (2)
SW30XLE membranes at different transmembrane pressure (ΔP) values. (c) Modeling results of the change
in linear strain, relative change in surface area, and structural parameter of the membranes at different
transmembrane pressure.

Based on our observation that the average strain of the membrane after PRO
testing (~ 2%) is well below the reported onset fracture strain (14% ± 4%) and the strainat-burst that we measured via burst pressure testing (~ 11%), we believe that the failure
mechanism during PRO testing is due to local strain and thus localized defect formation,
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rather than global or average changes in the membrane transport properties. This idea is
consistent with data presented in Figure 5.6; in the expected range of strain, the
dependence of the transport properties (A and B) on strain is negligible. Instead, we
believe that the increased salt passage is caused by the formation of non-selective defect
sites and is proportional to the local maximum strain (εl,local,max, see Eq. 5.17). These
defect sites allow a pressure-driven flow of water and accompanying salt in the direction
opposite to the osmotic water flux (in the case of PRO). Eqs. 5.18 and 5.19 are used to
estimate water and salt flux through defect sites.
2
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𝐽𝐽𝑠𝑠,defect = 𝐽𝐽𝑤𝑤,defect 𝑐𝑐𝐷𝐷

(5.19)

3

(5.18)

𝐽𝐽𝑤𝑤,defect = −𝐾𝐾𝐴𝐴 𝜀𝜀𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 (𝐴𝐴∆𝑃𝑃)

KA is a correction factor to estimate the water permeance of the defect site relative

to the membrane water permeance (A). Previously, Pinnau and coworkers [83] proposed a
solution-diffusion model that accounts for defects in the selective layer by including the
flux through such defects. In their work, the magnitude of this flux was attributed to the
convective flow permeability coefficient as a characteristic of the selective layer. We
submit that the flux through defects is a combination of factors that include the
permeance of the active layer, as well as the deformability of the TFC membrane
structure.
Membrane deformation also leads to an increase in surface area above the
projected (or initial) membrane testing area (A’0). This change in surface area occurs
mainly on the membrane regions atop of the spacer openings and, therefore, will depend
on the relative open area of the feed spacer (OA) reported by the manufacturer. Eq. 5.20
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shows an expression to calculate the surface area during the experiment, based on the
membrane surface strain (εA’). The surface strain depends on pressure and the
deformability coefficient according to Eq. 5.21.
𝐴𝐴′ = 𝐴𝐴′0 (1 + 𝜀𝜀𝐴𝐴′ )
2

𝜀𝜀𝐴𝐴′ = 𝑂𝑂𝑂𝑂 �3

(5.20)
3

2 3/2

��1+�𝐾𝐾 √∆𝑃𝑃 � �
3

�𝐾𝐾 √∆𝑃𝑃�

2

−1�

(5.21)

− 1�

We also considered changes in the structural parameter (S) upon compression,
which we describe in the Supporting Information. Eq. 5.22 expresses the structural
parameter dependence on transmembrane pressure. In this equation, subscript 0 indicates
initial (pre-deformation) values. The initial structural parameter can be evaluated with
osmotic water flux measurements ΔP=0 [57], or estimated using the definition of intrinsic
structural parameter. The initial porosity can be measured gravimetrically by fluid
displacement [150], mercury intrusion porosimetry, or x-ray microscopy [88]. The latter
method was used to measure the porosity of commercial TFC membranes and generated
φ0 values of 35% ± 2% for BW30 and 43% ± 1% for SW30XLE [88]. We used an initial
porosity, φ0, of 39% for our estimations.
The compressive reduced modulus, Er, can be obtained by measuring the relative
change in thickness of the membrane when applying compressive stress [150]. We
determined Er for the SEAMAXX membrane by measuring the relative change in
thickness of the membrane when applying compressive stress using a two-stage
penetration test as described elsewhere [150]. We measured this value to be between 16
and 24 MPa for the as received membrane and between 11 and 21 MPa for the backing-
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free membrane at a maximum compressive stress of 1.8 MPa (see Figure 5.12). We
selected an Er value of 20 MPa for the calculation of S.
1+𝜀𝜀𝐴𝐴′

𝑆𝑆 = 𝑆𝑆0 𝜑𝜑0 �𝜑𝜑

0 +𝜀𝜀𝐴𝐴′

�

∆𝑃𝑃
𝐸𝐸𝑟𝑟
1+𝜀𝜀 ′ ∆𝑃𝑃
𝐴𝐴 �
1−�
𝜑𝜑0+𝜀𝜀 ′ 𝐸𝐸𝑟𝑟
𝐴𝐴

1−

(5.22)

Figure 5.12. (a) Typical result of a two-step penetration test showing the relative change in thickness upon
applying compressive stress. (b) Estimated compressive reduced modulus for the as-received and backingfree SEAMAXX membrane.

Finally, we propose a boundary layer model to describe the water and salt flux
through a membrane in an osmotic process (Eqs. 5.23 and 5.24) that includes aspects of
membrane deformation. In these equations, subscripts D and F stand for values of the
draw and feed solutions, respectively. π is the osmotic pressure, c is the molar
concentration of the salt, k is the mass-transfer coefficient, D is the salt diffusion
coefficient in water (assumed to be 1.6 × 10-9 m2/s [93]). The conventional model
proposed by Tiraferri et al. [36] can be obtained from Eqs. 5.23 and 5.24 by setting εA’
and εl to zero and using S as a fitting parameter. In our case, the structural parameter was
evaluated at the lowest transmembrane pressure (i.e., low deformation, S0), and the defect
site water permeance correction factor KA is a fitting parameter. Figure 5.13 presents the
algorithm used to fit the model Eqs. 5.23 and 5.24 to experimental data.

159

𝜋𝜋𝐷𝐷 exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)−𝜋𝜋𝐹𝐹 exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )
−
1+𝐵𝐵⁄𝐽𝐽𝑤𝑤 [exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )−exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)]

𝐽𝐽𝑤𝑤 = (1 + 𝜀𝜀𝐴𝐴′ )𝐴𝐴 �
𝐽𝐽𝑠𝑠 = (1 + 𝜀𝜀𝐴𝐴′ )𝐵𝐵 �

𝑐𝑐𝐷𝐷 exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)−𝑐𝑐𝐹𝐹 exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )

1+𝐵𝐵⁄𝐽𝐽𝑤𝑤 [exp(𝐽𝐽𝑤𝑤 𝑆𝑆⁄𝐷𝐷 )−exp(−𝐽𝐽𝑤𝑤 ⁄𝑘𝑘)]

∆𝑃𝑃� − 𝐾𝐾𝐴𝐴 𝜀𝜀𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 (𝐴𝐴∆𝑃𝑃)

� + 𝐾𝐾𝐴𝐴 𝜀𝜀𝑙𝑙,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 (𝐴𝐴∆𝑃𝑃)𝑐𝑐𝐷𝐷

(5.23)
(5.24)

Figure 5.13. Algorithm used to fit the models in Eqs. 5.23 and 5.24 to experimental data.

Figure 5.11 shows the results of fitting the Tiraferri model [36] (labeled “NO
deformation” in Figure 5.11a,b, dotted curves) and our model, which includes changes in
the water flux due to increased strain. The goodness of fit was improved particularly in
the selectivity of the membranes. The relative-root-mean-square-error (RRMSE) changed
from 8.3% to 5.3% for SEAMAXX and from 4.7% to 10.3% for SW30XLE in the case of
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water flux, which means good fits were obtained for both models (RRMSE < 20%,
[174]). In the case of salt flux, the RRMSE was decreased from 83.3% to 17.2% for
SEAMAXX and from 61.9% to 9.1% for SW30XLE. The marked improvement in fit is
due to incorporation of a pressure-dependent salt flux in our model. The fitted results
were obtained using a water permeance correction factor, KA, of 1.50 for SEAMAXX and
0.96 for SW30XLE.
Figure 5.11c shows the predicted changes in linear strain, relative change in
surface area, and structural parameter as pressure increases. Both the change in linear
strain and change in area were below 2.5%, which suggests that the decreased selectivity
is a result of local defects, and that the increase in surface area does not play a significant
role in the observed salt passage. Additionally, the predicted changes in the structural
parameter were below 60 μm (less than 10%) at the maximum pressure. This finding
suggests that even though there is a reduction of porosity (increased structural
parameter), this compaction does not yield a considerable decrease in water flux through
the membrane. Finally, our model suggests that among the different membrane
deformation factors included, the most significant factor in the increase of salt passage in
PRO operation is the formation of localized defect sites. With the goal of validating our
observations, we used our model and fitting algorithm to estimate the membrane
deformation in a number of reported PRO experiments, and used these observations to
elucidate the typical tradeoff between mechanical deformation and support mass-transfer
resistance in OP, particularly PRO.
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5.3.4 Deformation model applied to other PRO experiments
Table 5.1 compiles information on PRO experiments reported in the literature that
were used to validate our model. These reports included data for water and salt flux for at
least four different pressure values and included characterization of their A and B
parameters. In all these experiments, the feed solution had a concentration ≤ 0.01 M NaCl
and draw solution concentration ≥ 0.5 M NaCl. Other experimental characteristics like
the relative open area and opening size of the feed spacer; thickness, tensile strength, and
Young’s Modulus of the membrane; and active area and mass-transfer coefficient of the
membrane cell were extracted from the papers as reported, estimated from reported data
(e.g., mass-transfer coefficient from crossflow velocity and crossflow channel
dimensions), or assumed to be equal to data reported elsewhere using the same membrane
or the same experimental setup. Among these characteristics, the mechanical properties
of the membrane were reported least often, followed by the feed spacer dimensions, and
the membrane thickness. As defined in the deformability coefficient (Eq. 5.16), all these
characteristics contribute to the susceptibility of a membrane to deformation during PRO
operation. Therefore, we strongly suggest that reports of future OP experimental work
should include these characterization data.
Figure 5.14a shows the deformability coefficient calculated from the data
collected in Table 5.1 for reported PRO experiments. Notably, we used the reported
Young’s Modulus in these calculations. The resulting deformability coefficients generally
were lower for membranes tested on top of permeate carriers compared to those on top of
diamond shaped spacers due to the smaller opening size of the former. The exception is
the PEI set of membranes from [25], which did not have a backing layer and therefore are
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more susceptible to deformation. However, many of the references indicated that the
membranes deformed irreversibly from PRO testing. Using the secant modulus would
yield a better estimation of the extent of the membrane deformation in such cases, since
the membranes did not deform elastically. Unfortunately, a stress-strain curve from
tensile testing of the membrane is needed to estimate the secant modulus. Additionally,
since the deformation is expected to be larger for membranes supported on diamond
shaped spacers, the actual value of the deformability coefficient would be even larger for
these cases when using the secant modulus.
To verify that our calculation method yields realistic values, we estimated the
relative tensile stress on the membrane at the maximum testing pressure, defined as the
quotient of the stress on the membrane that generates the membrane deflection (σR) and
the tensile strength (stress-at-break) reported in Table 5.1. Figure 5.14b shows that, based
on our calculations, no membrane was stressed past the break point. This finding is
consistent with the literature; no membrane failures were reported in these studies. The
highest relative stress estimations were obtained for membranes with thicknesses below
100 μm or those on top of spacers with an opening size larger than 2.0 mm. Membranes
on top of permeate carrier are estimated to be subjected to a low tensile stress relative to
their break point.
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Table 5.1. Summary of the PRO experiments used to develop the model
Name

Membrane
Provider

Type

Feed
spacer
type

Spacer
Relative
open area

Spacer
Opening
size
(mm)

Membrane
thickness
(mm)

Tensile
Strength
σ*
(MPa)

Young's
Modulus
EM
(MPa)

Water
Permeance
A
(LMH/bar)

Active
area
(cm2)

Mass
transfer
coefficient
(×10-5 m/s)

Ref.

1.49

Salt
Flux
Coeff.
B
(LMH)
0.97

SW30XLE

DuPont

TFC

0.44 a

1.37

0.140

23

761

SEAMAXX

DuPont

TFC

0.44 a

1.37

0.154

28

CTA-NW

HTI

CTA

0.55 [66]

2.60 [66]

0.144 [175]

CTA-W

HTI

CTA

0.55 [66]

2.60 [66]

CTA-P

HTI

CTA

0.55 [66]

2.0M

HTI

CTA

1.5M

HTI

CTA

1.0M

HTI

CTA

0.5M

HTI

CTA

S#1

HTI

CTA

S#2

HTI

CTA

S#3

HTI

CTA

PEI-1

Lab-made

TFC

PEI-2

Lab-made

TFC

PEI-3

Lab-made

TFC

HTI-TFC
3.0M
HTI-TFC
2.0M
HTI-TFC
1.0M
TFC-T

HTI

TFC

HTI

TFC

HTI

TFC

Lab-made

TFC

Diamond
shaped
Diamond
shaped
Diamond
shaped
Diamond
shaped
Diamond
shaped
Permeate
carrier
Permeate
carrier
Permeate
carrier
Permeate
carrier
Diamond
shaped
Diamond
shaped
Permeate
carrier
Permeate
carrier
Permeate
carrier
Permeate
carrier
Permeate
carrier
Permeate
carrier
Permeate
carrier
Diamond
shaped

6.16

3.44 b

784

3.83

0.54

6.16

3.44 b

54 c [70]

287 c [70]

0.44

0.07

140.00

1.17

This
work
This
work
[176]

0.045 [175]

41 [70]

604 [70]

0.37

0.28

140.00

1.17

[176]

2.60 [66]

0.045 [175]

41 [70]

604 [70]

0.75

0.63

140.00

1.17

[176]

0.35 [21]

0.35 d [21]

0.052 [70]

41 [70]

604 [70]

0.61

0.47

138.7

3.24

[163]

0.35 [21]

0.35 d [21]

0.052 [70]

41 [70]

604 [70]

0.61

0.47

138.7

3.24

[163]

0.35 [21]

0.35 d [21]

0.052 [70]

41 [70]

604 [70]

0.61

0.47

138.7

3.24

[163]

0.35 [21]

0.35 d [21]

0.052 [70]

41 [70]

604 [70]

0.61

0.47

138.7

3.24

[163]

0.69

2.95

0.052 [70]

41 [70]

604 [70]

1.37

1.00

140.00

6.91

[21]

0.55

2.60

0.052 [70]

41 [70]

604 [70]

1.37

1.40

140.00

6.91

[21]

0.35

0.35

0.052 [70]

41 [70]

604 [70]

0.95

1.00

140.00

6.91

[21]

0.35

0.35 d [21]

0.067

5.3 e

107

2.28

0.67

34.00

6.91 f

[177]

0.35

0.35 d [21]

0.076

5.3 e

150

2.09

0.87

34.00

6.91 f

[177]

0.35

0.35 d [21]

0.083

5.3 e

201

1.65

0.75

34.00

6.91 f

[177]

0.64 g

0.35 d [21]

0.112 [70]

54 [70]

287 [70]

1.63

1.42

124.00

1.52 b

[178]

0.64 g

0.35 d [21]

0.112 [70]

54 [70]

287 [70]

1.63

1.42

124.00

1.52 b

[178]

0.64 g

0.35 d [21]

0.112 [70]

54 [70]

287 [70]

1.63

1.42

124.00

1.52 b

[178]

0.55

2.60

0.510

12

68

1.30

1.82

33.15

6.91 f

[66]
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2
3
4
5
6
7
8
9
10
11
12
13
14
15

Name

Membrane
Provider

Type

Feed
spacer
type

Spacer
Relative
open area

Spacer
Opening
size
(mm)

Membrane
thickness
(mm)

Tensile
Strength
σ*
(MPa)

Young's
Modulus
EM
(MPa)

Water
Permeance
A
(LMH/bar)

Active
area
(cm2)

Mass
transfer
coefficient
(×10-5 m/s)

Ref.

1.30

Salt
Flux
Coeff.
B
(LMH)
1.82

TFC-N

Lab-made

TFC

0.55

2.60

0.450

9

65

TFC-W

Lab-made

TFC

0.55

2.60

0.440

35

TNC-1

Lab-made

TFC

0.43 a

1.14 [179]

0.045 h

TNC-2

Lab-made

TFC

0.43 a

1.14 [179]

TNC-3

Lab-made

TFC

0.43 a

HTI

HTI

CTA

pTFC

Lab-made

TFC

mTFC

Lab-made

TFC

Toray-PRO

Toray

TFC

HTI-FO

HTI

CTA

Diamond
shaped
Diamond
shaped
Diamond
shaped
Diamond
shaped
Diamond
shaped
Diamond
shaped
Diamond
shaped
Diamond
shaped
Permeate
carrier
Permeate
carrier

33.15

6.91 f

[66]

92

1.30

1.82

33.15

6.91 f

[66]

17

113 i

1.23

0.28

140.00

2.13

[69]

0.045 h

17

113 i

3.82

1.19

140.00

2.13

[69]

1.14 [179]

0.045 h

17

113 i

5.31

3.86

140.00

2.13

[69]

0.48 a

2.03 [180]

0.052 [70]

41 [70]

604 [70]

0.66

0.44

19.35

2.30 b,j

[68]

0.48 a

2.03 [180]

0.070

9k

65 k

5.30

4.97

19.35

2.30 b,j

[68]

0.48 a

2.03 [180]

0.070

9k

65 k

2.83

0.44

19.35

2.30 b,j

[68]

0.585 g

0.35 d [21]

0.160

25 l

770 l

3.12

0.54

20.02

2.56 b,m

[82]

0.585 g

0.35 d [21]

0.100

54 [70]

287 [70]

0.72

0.41

20.02

2.56 b,m

[82]

Calculated from ASTM-E11-17 from opening size and wire diameter [181]
Calculated using the method described elsewhere [38]
c
Assumed to be similar to the values for HTI-TFC since the backing layer is nonwoven for both
d
Assumed to be similar to previously reported values for RO permeate carriers
e
Assumed to be similar to previously measured strength for porous support made via phase inversion [118]
f
Assumed to be equal to previously reported values from the same lab [21]
g
Reported as void volume
h
Estimated from reported scanning electron microscopy image
i
Calculated as secant modulus at the break point
j
Assumed a squared membrane area
k
Assumed from previously reported fiber mats made via electrospinning from the same authors [180]
l
Approximated based on our measurements for SW30XLE and SEAMAXX (TFC membranes with nonwoven backings and porous supports made via phase
inversion)
m
Assumed a crossflow velocity of 0.25 m/s
a

b
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Figure 5.14. (a) Deformability coefficient calculated from the data collected in Table 5.1. Dashed line
shows the value for the SEAMAXX membrane used in this work. (b) Relative tensile stress (σR/σ*) on the
membrane at the maximum testing pressure. (c) Structural parameter calculated at the lowest reported
testing pressure and reported in each PRO experiment in Table 5.1.
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Figure 5.15. Experimental data and model fit of water (a) and salt flux (b) using the reported PRO results in
references [176] (1, Js reported as Js/Jw), [163] (2), and [21] (3, Js reported as Js/Jw).
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Figure 5.16. Experimental data and model fit of water (a) and salt flux (b) using the reported PRO results in
references [177] (1, Js reported as Js/Jw), [178] (2, Jw reported as W, Js reported as Js/Jw), and [66] (3, Js
reported as Js/Jw).
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Figure 5.17. Experimental data and model fit of water (a) and salt flux (b) using the reported PRO results in
references [69] (1, Js reported as Js/Jw), [68] (2), and [82] (3).

Next, we applied our model Eqs. 5.23 and 5.24 to fit the experimental results of
water and salt flux. Figures 5.15 to 5.17 show the experimental data and the model fits.
We compared our estimation of the structural parameter (obtained at the lowest reported
test pressure) and the reported structural parameter in each case. In some cases, the
calculated structural parameter was zero, which means that the measured water flux was
above the maximum water flux attainable using the given mass-transfer coefficient, i.e.,
the external mass-transfer resistance accounted for all the reduction in driving force in the
model. More interestingly, nearly all membranes tested on diamond shaped feed spacers
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showed a calculated structural parameter lower than the reported value. This means that
the conventional methodology could lead to an overestimation of the structural
parameter, since it would not only account for the internal mass-transfer resistance of the
membrane, but also the reduced water flux due to membrane deformation. On the other
hand, in the majority of cases, membranes with backing layers on top of permeate carriers
showed a higher calculated structural parameter than the reported value. This outcome is
explained by the fact that a dense backing layer like a permeate carrier, does not allow
convective flow within its structure, becoming an additional resistance layer for diffusion
of solutes, increasing the observed structural parameter. These observations constitute the
tradeoff between mechanical deformation and the mass-transfer resistance observed in
pressurized OP such as PRO.
To further visualize the tradeoff between mechanical deformation and the masstransfer resistance in the PRO experiments studied, we defined metrics for each of these
factors and correlated them to the estimated maximum local linear strain for each
experiment listed in Table 5.1. The mechanical deformability of the membrane was
evaluated by calculating the change in salt flux from the lowest to the highest testing
pressure, normalized by the maximum applied transmembrane pressure (ΔPm) and the
difference in the NaCl bulk concentration (Δc = cD - cF). The mass-transfer resistance of
the spacer was estimated using a residual structural parameter, defined as the difference
between the calculated structural parameter (green bars in Figure 5.14c) and the intrinsic
structural parameter of the membrane evaluated using the reported thicknesses in Table
5.1 and previously measured values of porosity (φ0=39%) and tortuosity (τ=1.26) [88].
Figure 5.18 shows the normalized change in water flux and the residual structural
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parameter (i.e., S-t0τ/φ0) with respect to the maximum local linear strain calculated using
the deformability coefficient. The data reveal that as the deformation increases, the salt
passage through the membrane increases as a result of decreased mechanical stability.
However, increased deformation also results in a lower mass-transfer resistance.
Membranes supported in permeate carriers mostly showed a lower salt passage and
higher residual structural parameter compared to ones on top of diamond shaped spacers.
Residual structural parameters were as high as 1 mm. Given that most of the reported
membrane structural parameters were below 1 mm, residual structural parameters of ≥1
mm suggest that permeate carriers can exacerbate the mass-transfer resistance in PRO
operation. From the pool of references studied, the tricot-supported, fabric-reinforced
TFC-T and the SiO2/PAN nanofiber supported TNC-1 membrane showed both high
mechanical stability and low mass-transfer resistance, which supports the idea that
mechanically-reinforced membranes are beneficial for OP such as PRO. Such
reinforcement would enable the use of diamond or other spacer shapes that do not add to
the overall mass-transfer resistance during operation. Finally, the deformability
coefficient coupled with the transport properties can be used to determine the suitability
of membranes for OP, especially pressurized operations like PRO.
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Figure 5.18. Normalized change in water flux and the residual structural parameter with respect to the
maximum local linear strain for each experiment reported in Table 5.1, excluding TNC-3 and HTI-FO. The
salt flux at the maximum pressure of the TNC-3 and HTI-FO membranes (see Table 5.1) was reported to be
18 and 30 mol/m2h, respectively. These values are considerably higher than the next highest value, 4.5
mol/m2h for TFC-W; therefore, they were considered exceptional cases and not used to construct this
Figure. Vertical dashed line indicates the strain-at-break for polyamide layers like the ones in TFC
membranes. Dotted trend lines are added as a guide for the reader.

5.4. Conclusions
Two commercial polyamide TFC membranes were used to estimate the effect of
mechanical strain on their transport properties and ultimately their performance in PRO
mode. Firstly, we showed that the global transport properties of the membranes did not
change significantly after being subjected to linear strain typical of PRO operations.
Secondly, using a newly developed burst pressure test for flat sheet membranes, we
showed that the increased salt passage through the membranes was attributable to local
deformation in the membrane region along the border of the spacer opening. We defined
a deformability coefficient to estimate the membrane strain at a known pressure in terms
of easily attainable characteristics like opening size, membrane thickness and secant
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modulus (from stress-strain curve) and used it to postulate a solution diffusion model that
accounts for defects by considering the deformability of the membrane in the
experimental setup. The model was used to fit our PRO experimental data and numerous
other data reported in the literature, which revealed that salt passage increases as
membrane deformation increases. Along with this effect, there is a lowered mass-transfer
resistance, which constitutes the tradeoff between mechanical deformation (associated
with increased solute passage) and the mass-transfer resistance observed in pressurized
OP. Our observations support the idea that the deformability coefficient and our solution
diffusion model with defects can serve as guidelines for the design of membranes and
modules for pressurized OP such as PRO.
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5.6 Nomenclature
Letters
𝐴𝐴
𝐴𝐴′
𝑎𝑎𝑀𝑀
𝐵𝐵
𝑐𝑐
𝐷𝐷
𝐸𝐸𝑀𝑀
𝐸𝐸𝑀𝑀,𝑆𝑆
𝐸𝐸𝑟𝑟
𝐽𝐽
𝐾𝐾
𝐾𝐾𝐴𝐴

𝑘𝑘
𝑙𝑙
𝑚𝑚
𝑂𝑂𝑂𝑂
𝑃𝑃
𝑅𝑅𝑀𝑀
𝑆𝑆
𝑡𝑡
𝑡𝑡𝑚𝑚
𝑉𝑉
𝑤𝑤

𝑤𝑤0
𝑥𝑥

Membrane water permeance
Membrane surface area
Spacer opening size
Membrane salt flux coefficient
Solution NaCl concentration
Diffusion coefficient of NaCl in
Water
Membrane Young’s Modulus
Membrane secant modulus
Membrane compressive reduced
modulus
Flux
Deformability coefficient
Defect water permeance
correction factor
Mass-transfer coefficient
Membrane Length
Mass
Spacer relative open area
Pressure
Burst pressure cell opening
radius
Membrane Structural Parameter
Time
Membrane thickness
Volume
Membrane deflection
Membrane maximum deflection
Position along spacer axis

Greek Letters
𝜀𝜀
𝜈𝜈𝑀𝑀
𝜋𝜋
𝜌𝜌
𝜎𝜎
𝜏𝜏

Membrane strain
Membrane Poisson’s Ratio
Solution Osmotic Pressure
Density
Stress
Membrane Tortuosity

𝜑𝜑

Membrane Porosity

𝐴𝐴′
𝑙𝑙
𝐷𝐷

Surface area
Length
Draw solution

Subscripts

𝐹𝐹
𝑤𝑤
𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑃𝑃𝑃𝑃𝑃𝑃
𝑅𝑅𝑅𝑅
0
ℎ
𝑚𝑚
𝑓𝑓
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
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Feed solution
Water
Salt
Flux through a defect
Measured in PRO test
Measured in RO test
Initial (t=0)
At hold value
Maximum value
Final value
Calculated locally, i.e., at a
defined x position

CHAPTER SIX:
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
This dissertation raises awareness of the roles played by mechanical properties in
the performance of thin-film composite membranes used in pressurized processes such as
reverse osmosis and pressure-retarded osmosis. Chapter 1 shows the relevance of these
processes, the current transport phenomena theory behind these processes, and the efforts
to date related to mechanical design for improving the productivity (defined as water
flux) of TFC membranes in RO and PRO.
In Chapter 2, I explained how the burst strength of the porous support layer,
which is related to its tensile strength, is a limiting factor for selecting the opening size of
the backing layer. I showed that large backing layer opening sizes induce a larger stress
on a commercial porous support, compared to the backing layers with smaller opening
sizes. This stress eventually reached a burst point when the membrane selectivity was
lost, rendering the membrane non-suitable for PRO operation for harvesting energy from
natural salinity gradients.
In Chapter 3, I reported findings on the compressive resistance of porous
nanocomposite support layers. I showed that stiffer supports were obtained by
introducing functionalized carbon nanotubes into the porous structure. However, the
increased support stiffness was only observed when the CNT load was above a threshold
value, at which the reinforcement effect of the CNT addition started to overcome the
detrimental formation of macrovoids upon addition of CNT. The stiffer supports led to a
lower reduction in the water permeance upon compression of TFC membranes fabricated

175

from these porous supports. The main conclusion is that increasing the compressive
reduced modulus of the porous support will improve the water productivity of TFC
membranes used for RO desalination.
In Chapter 4, I studied the effect of contact with different short-chain (C1–C4)
alcohols on the transport properties of MPD-TMC-based polyamide active layers of
commercial TFC RO membranes. Changes to water permeance and salt rejection depend
on the type of membrane and alcohol used. I measured the stiffness of the surface of
different active layers of TFC membranes using AFM nanoindentation. The Young’s
modulus of the dried active layers was larger than the ones wetted with water, suggesting
a penetration of the fluid into the polymer structure, nevertheless, the same measurement
using active layers treated with different alcohols did not reach conclusive results about
changes in the surface stiffness due to the treatment. A simplified dual-mode sorption
model showed that changes in water permeance depend on two coupled factors: active
layer pre-existing capacity and the affinity of the alcohol with the active layer. Active
layers with higher pre-existing capacity to create new pores had lower water permeance
before alcohol contact. The findings suggest that water interactions with the alcohol
(miscibility) determine the amount of alcohol within the polymer, which lead to
previously-proposed disruption of inter-chain hydrogen bonds increasing the free volume
water can access within the polymer.
In Chapter 5, I introduced a boundary layer model that accounts for the effect of
mechanical deformation (defined as strain) on the structural parameter, the surface area,
and the transport properties of a TFC membrane. The change in structural parameter was
modeled based on our observations reported in Chapter 3 of thickness change associated
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with compressive stress. The change in surface area was modeled as the reshaping of the
flat membrane into paraboloids due to the applied pressure. The transport of both water
and salt across the membrane was modeled by adding non-selective defects sites on the
equations, which were dependent on the maximum local strain of the membrane. After
fitting our model to a host of PRO data sets reported in the literature, we found that the
formation of defect sites is the most detrimental factor since it generates a considerably
increased salt passage. All these factors were dependent on a common variable that we
defined as the deformability coefficient, which pooled the elasticity modulus and
thickness of the membrane, as well as the opening size of the feed spacer. The
deformability coefficient suggests that membranes with higher tensile strength and
stiffness are required to avoid the detrimental effects of increased salt passage when
using a feed spacer with large opening size.
To summarize, my research efforts elucidated the roles of mechanical properties
in the performance of TFC membranes in RO and PRO. The active layer stiffness appears
to be an indicator of the amount of water that penetrates the polymer. The porous support
tensile strength is relevant when deciding the opening size of the backing layer. Higher
tensile strength is required when using larger backing layer opening sizes to avoid a
lower porous support burst pressure. A higher porous support compressive reduced
modulus can decrease the detrimental loss of effective water permeance due to membrane
compaction. Finally, higher backing layer tensile strength and modulus can help to avoid
the formation of defect sites (i.e., increased salt passage) when using a feed spacer with
large opening sizes, which is desirable in an application such as PRO.
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6.2 Recommendations
6.2.1 Modeling opportunities
6.2.1.1 Flow dynamics and concentration polarization in stirred direct-flow cells
In Chapters 4 and 5, we used multiple stirred direct-flow cells to measure relevant
TFC membrane transport properties in a fast and cost-effective manner. Crossflow
filtration is the standard used for seawater desalination since it reduces the detrimental
external concentration polarization (see Introduction). A typical lab-scale crossflow
system includes (at least) a feed storage tank, a high-pressure stainless steel pump, an
overpressure safety valve, a recirculation valve, a pressure gauge/sensor, a temperature
probe, a membrane cell, a pressure control valve, an online conductivity meter, a chiller,
and the respective piping. A lab-scale direct-flow system uses a membrane cell, a
pressure source (pneumatic in our case, with regulator), a pressure gauge/sensor, and a
magnetic stirred plate. Besides the considerable difference in equipment required for each
filtration setup, multicell testing can be enabled in direct-flow mode since the masstransfer coefficient depends on the stirring speed, which can be controlled by the stirred
plate. On the other hand, in crossflow multi-cell testing, it is possible to have different
flow velocities in each cell, due to different pressure drop in each membrane cell loop,
leading to different mass-transfer coefficients. Additionally, pressure drop should be
lower when the pressure source is compressed air, compared to pumping a liquid feed
across the membrane cells.
In Appendix G, we included an estimation of the mass-transfer coefficient for the
Sterlitech HP4750 (stirred cell) that we used to estimate the salt flux coefficient of the
TFC membranes. However, this estimation assumes an imaginary rectangular channel, as
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well as a flat cylinder as the stir bar, which are not necessarily accurate. Even with these
assumptions, we showed that the velocity profile varies across the imaginary channel.
This variation implies that the mass-transfer coefficient could be different at locations on
the membrane surface, and not a constant average value. Given the relevance of directflow filtration in membrane research, I believe it is of interest to use computational fluid
dynamics (CFD) simulations to better represent the real scenario during a typical directflow experiment. The aim for these simulations would be to visualize the flow patterns
and the solute concentration profile within the cell. The end goal would be to provide
guidelines and correlations that facilitate the measurement of TFC membrane transport
properties accurately using stirred direct-flow cells.
6.2.1.2 Mechanical stress distribution in TFC membrane compressed against
spacers
In Chapter 5, we investigated the mechanical deformation of TFC membranes
against feed spacers during OP. We concluded that the deformability coefficient is a
useful parameter to predict the degree of deformation of membranes depending on the
applied pressure, the mechanical properties of the TFC membrane, and the opening size
of the feed spacer. We showed that local strain was the cause of defects on the active
layer, which led to higher salt passage. This finding suggests that the deformation (strain)
does not occur evenly along its surface. On the other hand, the mechanical deformation
measured in Chapter 5 using laser microscopy was done on membrane coupons after
testing with no applied stress. Comparison of results for as-received and backing-free
membranes showed that the final observed deflection is different, which was attributed to
the different creep behaviors. We can only speculate that the deflections would be similar
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when the membrane fails under an applied stress. Both hypotheses–uneven strain across
the membrane surface and similar deflection at failure–could be studied using finite
element analysis software used for structural analysis. The goal of this project would be
to validate computationally the applicability of the deformability coefficient as a
guideline to estimate the membrane failure.
6.2.1.3 Pressure-induced internal flow in TFC membranes for reducing ICP
ICP is the most detrimental factor in OP. ICP develops within the membrane
backing layer and porous support (and sometimes extends to feed spacers with small
opening size), where the transport is assumed to occur exclusively by diffusion. It
generally is estimated by means of the membrane structural parameter. In this
dissertation, I showed that reducing the structural parameter can lead to loss of the
mechanical integrity of TFC membranes during operation in pressurized OP. A possible
way to reduce the extent of ICP is by forcing the feed side fluid to flow through the
membrane backing layer by means of a constricting feed spacer. Figure 6.1 presents a
schematic of this idea, which could be studied using CFD software. In this scenario,
pressure-driven flow is obtained from the high-pressure to the low-pressure channels of
the feed spacer, across the membrane backing layer. Hypothetically, the pressure in the
feed side using the constricting feed spacer would be higher (at similar crossflow
velocity) compared to using a conventional spacer. This suspected higher pressure in the
feed side should not carry significant changes to the process since the pressure difference
across feed side of the membrane would be low compared to the transmembrane pressure
(differences between feed and draw sides). This is expected since the hydraulic
permeability of the backing layer (~102 LMH/bar) is considerably higher than water
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permeance of the whole membrane (~1 LMH/bar), the pressure needed to induce internal
flow is not expected to require significant modifications in existing OP testing devices.
The goals of this work would be threefold: 1) To study the pressure profile inside the
membrane structure in OP. 2) To prove the possibility of pressure-induced internal flow
in TFC membranes and its effect on ICP. 3) To design feed spacers that can effectively
create a pressure-induced internal flow in TFC membrane during OP.

Figure 6.1. Schematic of the hypothetical pressure-induced internal flow in OP.

6.2.1.4 Molecular dynamics visualization of alcohol disruption of fully-aromatic
crosslinked polyamides
In Chapter 4 we showed the effect of short-term alcohol contact on the transport
properties of TFC membranes. We attributed our results to polymer-alcohol interactions,
water-alcohol interactions, as well as the initial (preexisting) free volume in the active
layer before treatment. Our conclusions were informed by previously-proposed theories
and our correlations between changes in transport properties and the factors mentioned
above. I recommend generating more experimental data that can relate these factors
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directly with membrane characteristics; however, studying free volume (and changes) of
the active layer of TFC membranes requires sophisticated and not-easily-accessible
positron annihilation lifetime spectroscopy. A possible way to further support the theories
presented in Chapter 4 is to use molecular dynamic simulations in which a fully-aromatic
crosslinked polyamide is put in contact with alcohol and water, in a similar fashion to the
experiments conducted in Chapter 4. The goal of this work would be to support the
proposed mechanisms or reveal new mechanisms to explain the changes in transport
properties of TFC membrane after alcohol contact by measuring the changes in free
volume of the simulated polyamide after alcohol treatment.
6.2.2 Characterization opportunities
6.2.2.1 Evaluation of commercial backing layers to support TFC membranes for
OP
It is noteworthy that membrane material cost is only one factor of the PRO
process economics; however, Achilli et al. [5] pointed out that membrane cost influences
the revenue attainable from a PRO process, and it can limit the revenue when membrane
lifetime is shorter than 5 years. In Chapter 2, we showed that polyester woven mesh
backing layers are helpful to reduce the structural parameter of TFC PRO membranes,
leading to an expected higher power density. Figure 6.2 shows the cost to purchase the
woven meshes from the supplier. Given that the predicted power density (shown in
Figure 2.8) difference between the highest value obtained with mesh #325 and the second
highest with mesh #200 is minor, I could suggest that mesh #200 is a more cost-effective
solution given that its price is about half of mesh #325. Nevertheless, the price paid for
Hollytex 3265, a spun bound heat-treated polyester nonwoven that is recommended by
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the manufacturer (Ahlstrom-Munksjö, Helsinki, Finland) for TFC RO backing layers is
about one-tenth of the price paid for the cheapest woven mesh studied. This cost
difference probably results from the lower cost to manufacture spun bound nonwovens
than woven meshes. It would be interesting to use the techniques that I developed in this
study to survey different commercial nonwovens to evaluate their suitability as backing
layers for TFC membranes used in OP.

Figure 6.2. Price paid for polyester woven meshes used in Chapter 2 and Hollytex 3265 recommended as
backing for TFC RO membranes.

In Chapter 5 we used an osmotically-driven testing apparatus to measure the burst
pressure of TFC membranes supported on a backing with a known opening size. The
observed time to burst was long (order of 10 h) and highly variable, which was attributed
to the presence of air trapped between the membrane backing layer and the feed water
below. To avoid these issues, a new design (shown in Figure 6.3) is proposed with an
updated procedure that involves tilting of the apparatus to remove all entrapped air during
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membrane installation. I expect that the average time-to-burst and its variability will be
reduced with these modifications.

Figure 6.5. Updated burst pressure testing cell design.

The maximum deflection of the membrane (w0) at burst and the time-to-burst
(tburst) can be used to estimate the average water flux until burst (Ĵw) through the
membrane using Eq. 6.1. This average water flux is expected to depend on the structural
parameter of the membrane. More specifically, when comparing different backing layers,
a higher water flux should be indicative of a lower structural parameter if the active and
support layers are the same. This can be achieved by using the procedure presented in
Chapter 2, where the backing layer was removed from a commercial membrane, and the
porous support and active layer was used to evaluate different woven mesh backing
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layers. The mechanical stiffness of the membrane can be evaluated using the apparent
Young’s Modulus (EM) shown in Eq. 6.2 (a reorganized version of Eq. 5.10). Eq. 6.2
assumes a membrane Poisson’s ratio of 0 and a negligible residual stress. In Eq. 6.2, RM
is half of the diameter of the testing apparatus flange that holds the membrane, t is the
membrane thickness, and ΔPburst is the burst pressure.
Volume of paraboloid
1 𝑤𝑤
𝐽𝐽̂𝑤𝑤 = Area of circle×𝑡𝑡
= 2 𝑡𝑡 0
𝑅𝑅 4

burst

(6.1)

burst

(6.2)

𝐸𝐸𝑀𝑀 = 0.3848 𝑤𝑤𝑀𝑀
3 𝑡𝑡 ∆𝑃𝑃burst
0

Furthermore, the apparent Young’s modulus can be related to the secant modulus
obtained from the stress-strain curves as shown in Chapter 5, which could further validate
our previous observations that the secant modulus could be used to estimate the
membrane strain when plastic deformation occurs. Multiple spun bound nonwoven
samples were acquired from TALAS (Brooklyn, NY) and tested in a Universal Testing
Machine. Figure 6.6 shows the measurement results of tensile strength, Young’s
Modulus, strain at necking, and thickness of these nonwovens. The next step for this
project is to test the proposed commercial nonwoven as backing layers in the apparatus
depicted in Figure 6.5. The goal is to identify what mechanical and morphological
features make a good, inexpensive backing layer for OP.
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Figure 6.6. Tensile strength, Young’s Modulus, strain at necking, and thickness of the nonwovens proposed
for this study.

6.2.2.2 Increased sensitivity AFM nanoindentation to evaluate active layer
stiffness
In Chapter 4 we studied the change in water permeance upon alcohol contact. We
used AFM nanoindentation to show that stiffness is higher for dry active layers than
water-wetted active layers, which was attributed to the introduction of water into the
polymer structure. However, we were unsuccessful using the same technique to measure
changes in active layer stiffness upon alcohol contact. Large standard variations of active
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layer Young’s Modulus after alcohol contact suggest that the experimental setup was not
sensitive enough to identify potential changes in stiffness. This result was disappointing
since the observed changes in water permeance appear to be related to the water content
within the polymer, which is influenced by swelling that occurs on alcohol contact.
Going forward, I recommend using an AFM tip with lower spring constant than 40 N/m,
which would lead to a more sensitive measurement of the surface stiffness. The goal of
this work would be to enable AFM indentation as a characterization technique to evaluate
changes due to polymer swelling upon solvent contact of TFC membrane active layers.
6.2.3 Polyethylene maleic anhydride blend for supporting TFC membrane
Polyethylene is one of the strongest polymers available due to its ability to
achieve high molecular packing density and to form crystal structures. Its strength can be
used to make thin (yet functional) support layers for TFC membranes. Polyethylene with
high crystallinity has potential advantages in OP such as a high tenacity (tensile strength
normalized by linear density) compared to other thermoplastics [182], a lower cost
compared to polysulfone (currently used for porous supports), and commercial processes
to manufacture polyethylene membranes are already in place. Recently, work has been
published (including a patent) describing the application of porous polyethylene to
support the active layer of a TFC FO membrane [183–185]. Patent claims [185] suggest
that this membrane could be used for an osmotically-driven process involving a pressure
gradient (such as PRO or PAO), given that the reported stress-strain behavior was
superior compared to commercial FO membranes. However, in all the patent examples,
the water flux was measured with no hydraulic pressure gradient (FO mode), and no

187

discussion about the design of a TFC membrane for these pressurized processes was
provided.
Using acquired knowledge on the roles played by mechanical properties on the
design of TFC membranes, we started testing commercial polyethylene battery separators
(porous). Polyethylene presents drawbacks that need to be overcome. It is chemically
nonpolar, so active layers can delaminate. It is soluble in solvents (e.g., hexane) used
commonly in interfacial polymerization. Pore size of commercial battery separators is
larger than typical TFC membrane supports. Hydrophobicity and low density (<1 g/mL)
make it hard to wet with water.
ENTEK Manufacturing Inc. (Lebanon, OR, USA) provided a sample of a
commercial battery separator ENTEK EPH. ENTEK EPH samples were used to measure
their tensile strength, modulus of elasticity, and elongation at break. Additionally,
samples underwent a typical interfacial polymerization procedure: 2-min immersion in a
2% m-phenylenediamine in water solution, removal of the solution excess using a rubber
roll, 1-min immersion in a 0.15% trimesoyl chloride in n-hexane solution, 2-min drying
in air, and 5-min drying in oven at 80°C. Figure 6.7 shows the results of mechanical
property measurements before and after interfacial polymerization compared with the
data reported by the manufacturer. Mechanical properties measured in the machine
direction before IP had similar results compared to the datasheet, whereas the transverse
direction showed lower values. This could be a result of different strain ramp values used
for testing. Also, the tensile strength and modulus of elasticity of the ENTEK EPH are on
the same order of magnitude as a TFC membrane with a woven mesh backing, which we
have shown before to be suitable for a process like PRO. More importantly, all
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mechanical properties were reduced after interfacial polymerization, indicating a
plasticizing effect of the IP procedure. Nonetheless, the reduction was not dramatic, and
we concluded that the time intervals of our procedure do not allow the structure to
deform significantly.

Figure 6.7. Typical stress-strain curves (top-left), tensile strength (top-right), modulus of elasticity (bottomleft), and elongation at break (bottom-right) of ENTEK EPH from data sheet (where available) and
measured by tensile testing of membrane as received and after interfacial polymerization (IP). Properties
measured in machine (MD) and transverse direction (TD).

Figure 6.8 shows SEM micrographs of the ENTEK EPH membranes. For crosssection images, sample preparation was done via freeze cracking and razor blade cutting.
Freeze fracture was not achieved due to the high strength of the polyethylene membrane,
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whereas cross section images using blade cutting did not reveal the real porous structure.
A new sample preparation for this purpose needs to be developed and implemented.
Images from the surfaces indicated that the structure presents some asymmetry, with one
surface being more porous than the other. This observation is important because the less
porous surface is more suitable for depositing a polyamide active layer. Our observation
in the lab has been that, upon immersion in ethanol, the flat membrane rolls up on the
surface with the larger pore size. This is likely due to the equilibration of the surface
tension across the cross-section of the membrane.

Figure 6.8. SEM micrographs of: (top) more open surface, (bottom) less open surface, and (middle) crosssection of ENTEK EPH membranes. Yellow arrow indicates machine and red arrow transverse direction.

To avoid the hydrophobicity issue, researchers have used plasma treatment to
introduce hydroxyl and carboxylic groups on the surface of polyethylene [183–185].
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Instead, we propose a less energy-intensive methodology that uses commercial maleic
anhydride grafted polyethylene (such as Dow’s Amplify GR brand) to create porous
polyethylene films using existing infrastructure for making battery separators. The goals
of this work are to conduct successful interfacial polymerization of polyamide active
layers on porous, maleic anhydride grafted polyethylene films, and to test the hypothesis
that these films could serve as porous support/backing layers for TFC membranes in
pressurized OP.

6.2.4 Compression molding preconditioning of TFC membranes for PRO
In Chapter 5 we showed that using large opening size feed spacers led to
membrane deformation when operating in PRO. This membrane deformation yields a
detrimental increase in salt passage due to formation of defects in the active layer and a
beneficial reduction of the observed membrane structural parameter that reduces ICP. I
propose a way to minimize the formation of defects by purposefully deforming the
membrane against the feed spacer (with a pressure of at least the expected operating
pressure) while flowing monomer solutions on each side of the membrane. Figure 6.9
shows a schematic that illustrates the proposed procedure. The goal of this work would
be to evaluate the proposed procedure to create defect-free TFC PRO membranes that are
supported on large opening size feed spacers.
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Figure 6.9. Schematic illustrating the TFC membrane preconditioning for PRO operation. (Top) Flat TFC
membrane before deformation in contact with monomer solutions. (Middle) TFC membrane deformed due
to pressurization creating defect sites. (Bottom) Formation of new polyamide on top of defect sites. White
= active layer. Green = porous support with macrovoids. Dark Gray = Backing layer. Black circles = Feed
spacer filaments. Light Gray = TMC solution. Yellow = MPD solution.

6.2.5 TFC membrane patterning using permeate carrier and overpressure
Membrane patterning has been investigated as a strategy to improve membrane
productivity and service time [186]. The current most scalable strategy for patterning
TFC membranes is thermal mechanical embossing, which involves the use of a patterning
stamp and elevated pressure and temperature to induce membrane deformation into the
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desired pattern. This process has been effective to create nanoscale patterns on membrane
surfaces [187]; however, microscale patterns are more difficult to fabricate since the
deflections on the membrane surface approach the thickness of the porous support and
backing layers, which could damage the active layer. To get around this, Ulbricht and
coworkers [188] have used micro-imprinting to induce patterns on polyethersulfone
porous supports with lateral spacing around tens of microns, but with feature heights of
only about one micron. CFD studies from Zhou and Ladner (submitted manuscript) have
suggested that microscale patterns have a more significant effect in changing the external
concentration polarization profile during reverse osmosis. Thus, there is motivation to
develop an improved strategy for microscale patterning.
She et al. [21] showed that membranes deformed to some extent regardless of the
feed spacer used in PRO testing. In Chapter 5, we measured the deformation of TFC
membranes tested in PRO to be around 100 microns for a given spacer at a maximum
testing pressure. I hypothesize that membrane patterning (deformation) occurs in
conventional TFC membrane modules used for desalination due to compression against
permeate carriers. It would be interesting to evaluate the effect of this in-situ patterning
on the performance of the membrane compared to a flat membrane. To achieve this,
patterned membrane coupons could be prepared by pressurizing flat membranes against a
conventional permeate carrier up to typical operating pressures, preferably with
compressed air to avoid removing protective coatings. Then, these membrane coupons
must be tested using a crossflow lab-scale apparatus in which the membranes, both flat
and patterned coupons, are supported on a metal frit, instead of a permeate carrier to
avoid further patterning. Furthermore, if the patterns obtained in situ prove to be
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beneficial compared to a flat membrane, then different permeate carriers can be studied to
identify the role of patterning size on performance and to identify the maximum
allowable deformation before membrane failure. Membrane samples with different
degrees of deformation can be generated by pressurizing a membrane coupon against a
conventional permeate carrier. Pressure values that exceed the conventional operating
pressure (overpressure) could be used to generate patterns that would not be obtained
during normal operation. The goal of this work would be to uncover the benefits and
limitations of permeate carrier induced patterning, and to provide a scalable method for
in-situ membrane patterning.
6.2.6 Effects of micron-sized patterns on the fouling of 3D-printed surfaces
To further understand the influence of membrane surface patterning on membrane
fouling during RO filtration, it is necessary to understand the interactions of foulants with
the materials composing the membrane active layer. Ideally, it would be best to study
these interactions during operation, assuming that differences in membrane surface
patterns will lead to different fouling behaviors. However, the membrane design space
makes it unrealistic to scan the available options experimentally and discover the specific
patterns that would result in the most effective antifouling properties. Zhou and Ladner
(submitted manuscript) have shown using CFD that micron-sized patterns induce larger
changes in the external concentration polarization compared to nanoscale patterns of
similar geometry. From this observation, it can be expected that foulant concentration
profiles also can be modified by implementing micron-sized patterns. However, there are
challenges for micropatterning TFC membranes as discussed in the last section.
Regarding foulant-surface interactions, Bin Kashif and Sarupria (unpublished data) have
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created in silico MPD TMC polyamide with properties similar to those measured
experimentally. The authors plan to use this polyamide to run molecular dynamics (MD)
simulations to investigate the adsorption of foulants (e.g. methylene blue) on the surface
of the polymer. Development of a high-throughput experimental method to tie together
the CFD and MD simulation results would be of great value.
In this section, I recommend developing a testing procedure that would help to
evaluate the fouling behavior on well-defined patterned surfaces of known chemistry.
The results from these tests could help to validate both studies mentioned above and
bridge the gap between computational simulations and experiments. Initially, we propose
to use solid materials instead of membranes for this purpose. While this has the drawback
of eliminating permeate flux, it facilitates the construction of well-defined micro-sized
patterns for preliminary high-throughput screening studies.
Clemson University Machining and Technical Services has high resolution 3D
printers capable of creating well-defined micro-sized patterned surfaces. Table 6.1
presents information about filament diameter and printing materials for two 3D printers.
Initially, we propose to use the HP Jet Fusion 580 3D printer given that the material for
printing is known (Nylon-12), and it is also a polyamide (similar to the active layer of
TFC RO membranes). It is hypothesized that this material could serve as a surrogate
material for these screening studies. It also can be modified using straightforward
chemistries to study the role of membrane surface chemistry on fouling. The drawback of
using this printer is the filament diameter, since it limits the pattern sizes to the hundreds
of microns compared to the tens of microns attainable with the Connex350 printer. Figure
6.10a shows an example of a pattern studied by Zhou and Ladner, in which they defined
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patterns in terms of their length, spacing (= length), and height (= 0.5 × length). Figure
6.10b shows a picture of 3D printed surfaces (3 × 1 cm) with different length values
introduced as inputs in the 3D printer software (SolidWorks). Preliminary laser
microscopy data showed that the surfaces with length input of 160 and 256 μm have a
roughness similar to the one of a printed flat surface. Length, spacing, and height were
measured to be 450, 430, 240 μm for a length input of 512 μm; 520, 640, 330 μm for a
length input of 768 μm; and 1270, 1310, 440 μm for a length input of 1024 μm.

Table 6.1. Clemson University 3D printers and their resolution and printing material

Connex350

HP Jet Fusion 580

Filament diameter

16 μm

80 μm

Material

Proprietary

Nylon-12, among others

Figure 6.10. (a) Side view of a patterned surface. (b) Picture of 3D printed patterned (step pattern) slabs.
From left to right the pattern length input value in the printer was 160, 256, 512, 768, and 1024 μm.

These 3D patterned surfaces can be tested on a cross-flow apparatus similar to the
ones used for RO testing. In this case, since there is no permeation through these
surfaces, the equivalent membrane cell does not need a permeate side, and all the fluid
flows across the patterned surface. Figure 6.11 shows a process flow diagram of a
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proposed high-throughput experimental crossflow apparatus to measure the fouling
profiles on patterned surfaces. The purpose of this apparatus is to flow a foulant solution
across multiple cells at a constant crossflow velocity. This crossflow velocity is measured
by flowmeters and by knowing the cell channel cross sectional area. To achieve a
controlled flowrate, the pump can be a syringe pump or another pump that can yield a
continuous (non-pulsatory) flowrate. After a determined period of testing, patterned
surfaces can be examined by light microscopy to reveal fouling profiles on the surface.
Also, a gravimetric method can be used to estimate the amount of foulant adsorbed
during long-term experiments, which could vary depending on the foulant chemistry. The
goal of this work is to design a high-throughput screening method that improves our
understanding of how surface patterning affects fouling, and to validate computational
observations of fouling patterns and foulant surface chemical interactions.

Figure 6.11. Process flow diagram of the proposed high-throughput experimental crossflow apparatus to
measure the fouling profiles on patterned surfaces.
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6.2.7 Carbon fiber reinforced TFC membranes
The deformability coefficient derived in Appendix I (Eq. I5) suggests that a high
modulus would decrease the susceptibility of the membrane to deformation in a process
like PRO. Conventional polyester nonwoven backings do not provide enough stiffness
and strength to minimize membrane deformation in PRO, especially when using more
desirable large opening size feed spacers. Carbon fibers have higher strength and stiffness
than polymers like nylon and polyethylene [95]; however, commercial carbon fiber
nonwovens (veils) have a low bond density between fibers, which ultimately yields a low
stiffness fabric. On the other hand, commercial carbon fiber woven fabrics use multifilament yarns that yield fabrics that are thicker than conventional polyester nonwovens
used for TFC membranes. It would be expected that using a carbon fiber woven fabric as
backing layer for a TFC PRO membrane would exacerbate ICP due to its large thickness.
Therefore, I recommend investigating the manufacturing of a carbon fiber fabric,
possibly a nonwoven with high bond density, with a thickness below 100 μm to be used
as a backing layer for TFC PRO membranes. Recently, McCutcheon and coworkers
fabricated carbon nanofiber nonwovens for filtration purposes, using polyacrylonitrile
electrospun nanofibers as precursor, which were later converted into carbon fibers
[189,190]. A similar procedure could be studied, while adding a heat treatment after
spinning to increase the fibers bond density, therefore the nonwoven strength and
stiffness. I hypothesize that such a membrane would have a resistance to mechanical
deformation larger than conventional TFC membranes, which would allow the use of
large opening size feed spacers to increase performance in PRO operation.
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6.2.8 Tensile strain-resistant active layer made of graphene sheets
Graphene and other 2D materials have been proposed as novel materials to
fabricate active layers for TFC RO membranes [191]. One advantage of 2D materials
over the conventional fully-aromatic crosslinked polyamide material is that it is believed
that the solvent transport occurs in the interspace between sheets of 2D materials, which
could yield fast transport if the molecular interactions between the solvent and the 2D
material are unfavorable. I hypothesize that an active layer created with high enough
loading of 2D graphene sheets would be less susceptible to loss of selectivity after
application of tensile stress, assuming that the 2D sheets can reorganize into a new
structure that maintains a stack of multiple sheets within the active layer. Figure 6.12
shows a schematic of the envisioned change of a graphene active layer after application
of tensile stress. If correct, then TFC PRO membranes with graphene-based active layers
(or other 2D materials) would retain selectivity independent from the degree of
mechanical deformation experienced during operation.

Figure 6.12. Schematic of the change of a graphene active layer (left) after being under tensile stress
(right). Blue dashed lines illustrate the path for solvent water transport.

6.2.9 Expanding the alcohol treatment studies
In Chapter 4, it was shown that a short-term alcohol treatment could lead to an
increase water permeance of TFC RO membranes, especially if the active layer of the
TFC membrane has a low initial water permeance. This study was limited to the effect of
contact between the membrane and pure alcohols. The treatment time was fixed based on
reported suggestions for wetting time for membranes used in OP, which was the
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motivation of the work. The water permeance testing time was selected to be as soon as a
steady value was obtained (constant water flux over a period of 30 min), but long-term
changes in water permeance were not studied.
I recommend that alcohol contact and its effect in transport properties is further studied.
Initially, this study should evaluate the effect of alcohol concentration in a short-term
contact (5 min), which I recommend being 0%, 33%, 67% and 100%. I expect that
alcohol aqueous solutions would yield water permeance changes between the ones
observed for pure water and pure alcohol, however, the trend of this values could give
insights about the presence of a limiting value (plateau). Then, I suggest expanding
studies on treatment time by including treatment times of 30 min, 1 h and 4 h (besides 5
min and 2 h), probably using pure alcohol. These studies would provide insights on the
presence of a limiting value as well, however, long treatment times and membrane
characterization could give insights on what is the mechanism that leads to a decreased
salt rejection. Finally, the short-term treatment (5 min) of TFC membranes with pure
alcohol could be studied in a long-term filtration (> 1 day). The purpose of this test would
be to prove the suitability of alcohol treatment as a strategy to improve the water
permeance of TFC membranes during RO operation, possibly useful to reverse
detrimental aging effects.
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APPENDICES
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Appendix A:
Piping and instrumentation diagram of the testing apparatus used in the osmotic process configuration and the reverse
osmosis configuration

Figure A.1. Piping and instrumentation diagram of the testing apparatus used in the osmotic process configuration.
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Figure A.2. Piping and instrumentation diagram of the testing apparatus used in the reverse osmosis configuration.
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Appendix B:
Calculation of the porosity for the polyester woven mesh

Figure B.1. Schematic of the cuboid used to estimate the porosity of woven mesh. In the schematic, the
mesh number (M) = 3.

Wires are treated as cylinders and the number of cylinders comes from the

standard mesh number (M). By definition, there are 50 wires in a linear inch of mesh #50.
In a square inch there are 100 wires. Eq. B1 shows the relative open area of the woven
mesh. Eq. B2 shows the calculation of the relative void volume of the cuboid. Calculation
of the wire volume (Vwire) in Eq. B2 requires the length of an individual cylindrical wire
within the unit cell. The length of an individual cylindrical wire would be 1 inch in the
unit cell if the wire was straight. However, the wires are curved within the cell, therefore
the length of a wire is greater than 1 inch. The quotient of the length of the wire and 1
inch (25400 μm) was estimated as the ratio of distances c/b in Figure B.1. For the
polyester woven mesh 7μm the values of open area and void volume were extrapolated
with respect the opening size, using results for mesh #325 and #635. These was done
because the weaving in this woven mesh is not standard.
2
𝑂𝑂
�
Relative open area = �
𝑑𝑑wire + 𝑂𝑂

(B1)

2𝑀𝑀𝑉𝑉wire
2𝑀𝑀𝑀𝑀𝐿𝐿wire (𝑑𝑑wire /2)2
Relative void volume = 1 −
=1−
𝑉𝑉cubiod
2𝑑𝑑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 × 6.45 × 108 μm2
𝐿𝐿wire =

2
(𝑑𝑑wire
+ (𝑑𝑑wire + 𝑂𝑂)2 )0.5
× 25400 μm
𝑑𝑑wire + 𝑂𝑂

(B2)
(B3)

The tortuosity for a plain square measure is given by τ = 1 + C, where C is the
crimp [192]. Crimp is defined as (length of fiber – crimp condition length)/crimp
condition length. While crimp is measured experimentally, it can be estimated by
knowing the fiber diameter and the opening size. The estimated value is equivalent to (cb)/b from Figure B.1. The values for tortuosity based on this estimate range from 0.073
for #60 mesh to 0.118 for mesh #635. The 7 µm mesh is an outlier, with a crimp value of
0.33 due to its small opening size. A tortuosity of 1.33 would still lead to a lower intrinsic
backing structural parameter in Figure 2.7.
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Appendix C:
Additional details about the experimental S estimation
The mass transfer coefficients kD and kF are the mass-transfer coefficients in the
draw and feed channels (calculated to be ~ 3 × 10-5 m/s). This number was obtained by
using Eq. 2.4 at the measured flow conditions. The hydraulic diameter (d) of the channels
in the cell were calculated using Eq. C1, where w is the width and h the height of the
channel (reported in the full text).
𝑑𝑑 =

2𝑤𝑤ℎ
𝑤𝑤 + ℎ

(C1)

For the feed channel mass-transfer coefficient calculation, we assumed that no
spacers were in the channel. The presence of feed spacers would decrease cross-sectional
area, resulting in a higher cross-flow velocity and lower hydraulic diameter, and therefore
a higher kF. This means that the kF used in our calculations is a value that assumes
maximum external concentration polarization on the feed side. The value used for kF-1
was less than 10% of the ratio between the structural parameter and the diffusion
coefficient of sodium chloride in water (S/D), therefore, it is expected that kF-1
contribution to the sum kF-1 + S/D in Eq. 2.5 is low. Additionally, assuming kF-1 is
removed from Eq. 2.5 (i.e. high mass-transfer coefficient), the S value would increase by
only 50 μm, which is within the measured error. Finally, external concentration
polarization was expected to be low on the feed solution side, because the feed solution
was DI water.
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Appendix D:
CNTs synthesis and dispersion
[The work in Appendix D was done by my collaborator Dr. Anthony Childress]
HCNTs were grown on quartz substrates via chemical vapor deposition. The
quartz pieces were arranged within a 3.8 cm inner diameter quartz tube and placed within
a ThermCraft tube furnace. The catalyst solution used during synthesis consisted of 66.7
mg cm-3 ferrocene, 82.2 mg ml-1 indium isopropoxide, and 26.4 mg cm-3 tin isopropoxide
dissolved in o-xylene. Before injecting the catalyst solution, the main furnace and preheating furnace were allowed to equilibrate at 750°C and 200°C under a flow of 500
sccm argon and 100 sccm hydrogen. Once the temperatures were stable, acetylene was
introduced at 40 sccm and the catalyst solution was injected into the preheating furnace at
1.5 cm3 h-1. Reaction times were approximately 30 min, after which the furnaces were
allowed to cool under argon flow before samples were removed.
Figure D.1 shows IR transmission spectra of CNTs before and after
functionalization. Following treatment, a prominent OH peak is present just below 3500
cm-1 while a peak at ~1700 cm-1 is likely due to C=O groups. These groups improve
dispersion of the CNTs in NMP.

Figure D.1. Typical IR spectra of pristine and functionalized CNTs.
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Appendix E:
Derivation of model for predicting Young’s modulus of porous composite materials
The assumptions of this model are:
•

There is full contact between polymer and filler

•

The efficiency of the contact depends mainly on the aspect ratio of the filler

•

Polymeric membrane materials can reach high porosity (>70%)

•

Membranes do not swell due to ambient humidity at room temperature
Table E.1 provides the nomenclature for model development.

Table E.1. Nomenclature used in model.

𝑓𝑓 = volumetric fraction of filler

𝑊𝑊 = Width

𝐴𝐴 = Area perpendicular to force

𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = Contact Efficiency

𝑛𝑛 = adjustable parameter
𝐸𝐸 = Young′s modulus
𝐹𝐹 = force applied
𝐺𝐺 = Shear Stress
𝐻𝐻 = Height

𝜀𝜀 = strain

𝜎𝜎 = tensile stress
𝜙𝜙 = porosity

𝜙𝜙0 = adjustable porosity parameter
∆ = length of deformation

Consider a fully solid composite material like shown in Figure E.1 (left). Now
consider the control volume shown in Figure E.1 (right). This control volume has a total
height defined as 1 unit that is the addition of the individual heights of each component,
which are proportional to the volume fraction of each material in the initial composite.
For the heights to be additive based on volume fractions, both components must be in full
contact. This is the main assumption used in the Rule of Mixtures [95].
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Figure E.1. (Left) Schematic representation of a fully solid composite material, where the matrix is a
polymer, and the filler is a carbonaceous material. (Right) Control volume describing the interface between
the matrix and the filler, where the total height is 1 unit, and the component heights are proportional to their
volume fractions.

Consider a force applied to the control volume. This force can be axial (horizontal) or
transversal (vertical) loading. Since the fillers in the actual composite will have an
orientation distribution, these two loading cases are limiting scenarios, and the real
behavior should be somewhere in between depending on the actual orientation
distribution.
In the case of axial (horizontal) loading, we assume that the strain in each component
is equal,
𝜀𝜀matrix = 𝜀𝜀filler = 𝜀𝜀composite

(E1)

Also, by definition we have that:
𝜀𝜀 =

𝜎𝜎
𝐸𝐸

(E2)

Doing a force balance, we can say that:
𝐹𝐹matrix + 𝐹𝐹filler = 𝐹𝐹composite

(E3)

Now, taking into account the definition of stress:
𝜎𝜎 =

𝐹𝐹
𝐹𝐹
=
= 𝐸𝐸𝐸𝐸
𝐴𝐴 𝑊𝑊 × 𝐻𝐻

We substitute this into the force balance, obtaining:
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(E4)

(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)matrix + (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)filler = (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)composite

(E5)

We know that the width and strain are equal for each element. Additionally, the
total height of the control volume (composite) is 1 unit, and the height of each component
is proportional to its volume fraction. Finally, we simplify:
(1 − 𝑓𝑓)𝐸𝐸matrix + 𝑓𝑓𝑓𝑓filler = 𝐸𝐸composite

(E6)

In the case of transverse (vertical) loading, we assume that the force applied in each
component is equal; therefore, the stress is equal,
𝜎𝜎matrix = 𝜎𝜎filler = 𝜎𝜎composite

(E7)

By definition, the strain is the deformation over the original length,
𝜀𝜀matrix =
𝜀𝜀filler =
𝜀𝜀composite =

∆matrix
1 − 𝑓𝑓

(E8)

∆filler
𝑓𝑓

(E9)

∆matrix + ∆filler
(1 − 𝑓𝑓) + 𝑓𝑓

(E10)

Solving S8 and S9 for the lengths of deformation and substituting these into S10,
and applying the definition of stress (E4) for the composite and each of the individual
components yields:
𝜀𝜀composite =

𝜎𝜎composite
= (1 − 𝑓𝑓)𝜀𝜀matrix + 𝑓𝑓𝜀𝜀filler
𝐸𝐸composite

𝜎𝜎composite
𝜎𝜎matrix
𝜎𝜎filler
= (1 − 𝑓𝑓)
+ 𝑓𝑓
𝐸𝐸composite
𝐸𝐸matrix
𝐸𝐸filler

(E11)
(E12)

Because stress is equal in each component, this equation finally simplifies to:
𝐸𝐸composite

𝑓𝑓 −1
1 − 𝑓𝑓
�
=�
+
𝐸𝐸matrix 𝐸𝐸filler
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(E13)

These formulas represent the Rule of Mixtures in Material Science [95]. Cox
proposed an efficiency factor associated with the aspect ratio of the filler to correct the
calculation of the modulus of the composite [193]. This factor is determined from Eqs.
S14 to S17:
𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 1 −
𝛽𝛽 = �

𝑡𝑡𝑡𝑡𝑡𝑡ℎ(𝛼𝛼𝛼𝛼)
𝛼𝛼𝛼𝛼

(E14)

2𝐺𝐺matrix
𝐸𝐸filler ln 𝛿𝛿

(E15)
(E16)

𝛼𝛼 = length/diameter
𝛿𝛿 = �

2𝜋𝜋

(E17)

√3 𝑓𝑓

The corrected modulus equations for axial and transverse loading are:
𝐸𝐸composite = (1 − 𝑓𝑓)𝐸𝐸matrix + 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝑓𝑓filler
𝐸𝐸composite

−1

𝑓𝑓
1 − 𝑓𝑓
=�
+
�
𝐸𝐸matrix 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸filler

(E18)

(E19)

Eqs. S18 and S19 were developed for fully solid composites. To extend applicability
to porous membranes, it is necessary to account for the effect of voids in the body of the
composite. Roberts and Garboczi proposed an equation to estimate the Young’s modulus
of porous ceramic materials [194].
𝐸𝐸

𝐸𝐸solid

𝜙𝜙 𝑛𝑛
= �1 − �
𝜙𝜙0
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(E20)

The adjustable porosity parameter (φ0) is the highest porosity value that sustains a
self-supporting structure. It is a limiting value. In the case of polymeric membranes,
which can be highly porous, this value approaches 1. With this assumption,
𝐸𝐸

𝐸𝐸solid

(E21)

= (1 − 𝜙𝜙)𝑛𝑛

This equation only has one adjustable parameter, n. Values of n have been
reported for ceramics and usually fall in the range from 1.8 to 2.4 [194]. Substituting Eqs.
E18 and E19 for Esolid in Eq. E21 yields formulas for the upper-bound limit and lowerbound limit for Young’s modulus of polymeric porous films (e.g., membranes):
upper−bound

𝐸𝐸membrane

= �(1 − 𝑓𝑓)𝐸𝐸matrix + 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑓𝑓𝑓𝑓filler �(1 − 𝜙𝜙)𝑛𝑛

lower−bound
𝐸𝐸membrane

−1

1 − 𝑓𝑓
𝑓𝑓
=�
+
�
𝐸𝐸matrix 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸filler
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(1 − 𝜙𝜙)𝑛𝑛

(E22)
(E23)

Appendix F:
Statistical analysis for ROLE OF NANOCOMPOSITE SUPPORT STIFFNESS ON
THIN-FILM COMPOSITE MEMBRANE WATER PERMEANCE
Table F.1. Statistical analysis of the effect of CNT loading of nanocomposite supports in the water
permeance (A) of the respective TFC membranes.

CNT load
0.0%
0.5%
1.0%
2.0%

A (LMH/bar)
0.65
0.66
0.70
0.66

s
0.07
0.28
0.23
0.12

n
3
3
3
3

t observed
0.00
-0.11
-0.37
1.03

t critical
2.78
4.30
4.30
3.18

p-value
1.00
0.92
0.74
0.38

Table F.2. Statistical analysis of the effect of CNT loading of nanocomposite supports in the NaCl rejection
of the respective TFC membranes.

CNT load
0.0%
0.5%
1.0%
2.0%

Salt Rejection
0.91
0.87
0.92
0.78

s
0.05
0.04
0.03
0.05

n
3
3
3
3

t observed
0.00
1.15
-0.07
3.17
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t critical
2.78
3.18
3.18
3.18

p-value
1.00
0.34
0.95
0.05

Appendix G:
Estimation of mass-transfer coefficient for Sterlitech HP4750 cell
To estimate the mass-transfer coefficient, we assumed a rectangular channel of
height h and width r2 as shown in Figure 4.4 (Left). We also assumed the stir bar to be a
cylinder. We defined an average linear velocity through the channel in cylindrical
coordinates using Eq. G1. A non-slip boundary condition was applied to the surface of
the membrane, the walls of the cell, and the stir bar. With these conditions, we solved the
equation of motion to calculate the linear velocity at each position within the rectangular
channel.
𝑣𝑣� =

𝑟𝑟

ℎ

∫0 2 𝑟𝑟 ∫0 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑟𝑟

(G1)

ℎ

∫0 2 𝑟𝑟 ∫0 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑣𝑣 = �𝜔𝜔𝜔𝜔
ℎ

𝜔𝜔𝜔𝜔
ℎ

𝑟𝑟1 2
2 −𝑟𝑟 2
2
1

�𝑟𝑟

𝑟𝑟

0 < 𝑟𝑟 ≤ 𝑟𝑟1

𝑟𝑟2 2

��

𝑟𝑟

− 𝑟𝑟�

(G2)

𝑟𝑟1 < 𝑟𝑟 ≤ 𝑟𝑟2

Eq. G2 shows the linear velocity formula within the rectangular channel, where r1
is the radius of the stir bar and ω is the angular velocity of the stir bar. Figure 4.4
(Center) shows the normalized linear velocity profile at different radii (x-axis) and height
(curves) positions. Normalized values were calculated by dividing the linear velocity by
the maximum velocity (vmax= ωr1), the radius by the radius of the membrane active
circular area, and the height position by the distance between the stir bar and the
membrane surface.
𝜔𝜔

𝑟𝑟1 3

𝑣𝑣� = 𝑟𝑟 2 �
2

3

𝑟𝑟1 2
2 −𝑟𝑟 2
2
1

+ �𝑟𝑟

� �𝑟𝑟2 2 (𝑟𝑟2 − 𝑟𝑟1 ) −

𝑟𝑟2 3 −𝑟𝑟1 3
3

��

(G3)

Eq. G2 was substituted into Eq. G1 to obtain Eq. G3 which is the linear average
velocity in the rectangular channel. It depends on the angular velocity (set by a stirring
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plate) and the stir bar and active area radii. This average linear velocity was used to
calculate the Reynolds number as shown in Eq. G4. The hydraulic diameter (dH) was
calculated using Eq. G5. The Schmidt number (Sc) and the Sherwood number (Sh, for
laminar flow in a rectangular channel [38]) are shown in Eqs. G6 and G7. The length of
the channel (L) was analytically determined to be 1.33πr2. The mass-transfer coefficient
(k) is calculated using the definition of the Sherwood number, and shown in GG8. Figure
4.4 (Right) shows the calculated mass-transfer coefficient and Reynolds number at
different stir bar angular velocities in the Sterlitech HP4750 stirred cell. The properties
used were: viscosity of the solution (μ) 8.9 × 10-4 Pa, density of the solution (ρ) 1000
kg/m3, and diffusivity of sodium chloride in water (D) 1.6 × 10-9 m2/s [93].
Re =

𝑑𝑑𝐻𝐻 𝑣𝑣�𝜌𝜌

(G4)

2ℎ𝑟𝑟

(G5)

𝜇𝜇

(G6)

𝜇𝜇

𝑑𝑑𝐻𝐻 = ℎ+𝑟𝑟2
Sc = 𝜌𝜌𝜌𝜌

2

Sh = 1.85 �ReSc
𝑘𝑘 =

Sh𝐷𝐷

𝑑𝑑𝐻𝐻 0.33
𝐿𝐿

(G7)

�

(G8)

𝑑𝑑𝐻𝐻
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Appendix H:
Statistical analysis for EFFECT OF SHORT-TERM CONTACT WITH C1-C4
MONOHYDRIC ALCOHOLS ON THE WATER PERMEANCE OF MPD-TMC
THIN-FILM COMPOSITE REVERSE OSMOSIS MEMBRANES

Table H.1. Statistical analysis of the change in transport properties of TFC membranes before and after
contact with DI water for 5 min and 2 h. Confidence interval is 95%.

TFC Membrane
SW30HRLE
SW30HRLE
SW30XLE
SW30XLE
SEAMAXX
SEAMAXX
BW30XFR
BW30XFR
XLE
XLE

Time
5 min
2h
5 min
2h
5 min
2h
5 min
2h
5 min
2h

Permeance
No significant change
No significant change
No significant change
No significant change
No significant change
Decreases
Decreases
No significant change
Decreases
Decreases

Rejection
No significant change
No significant change
No significant change
No significant change
Increases
No significant change
Increases
Increases
Increases
Increases

Table H.2. Statistical analysis of the change in transport properties of TFC membranes before and after
contact with ethanol for 5 min and 2 h. Confidence interval is 95%.

TFC Membrane
SW30HRLE
SW30HRLE
SW30XLE
SW30XLE
SEAMAXX
SEAMAXX
BW30XFR
BW30XFR
XLE
XLE

Wetting
5 min
2h
5 min
2h
5 min
2h
5 min
2h
5 min
2h

Permeance
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
No significant change
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Rejection
Increases
Increases
Increases
Increases
No significant change
Decreases
Increases
No significant change
Increases
No significant change

Table H.3. Statistical analysis of the change in transport properties of TFC membranes before and after
contact with short chain alcohols for 5 min. Confidence interval is 95%.

TFC Membrane
SW30HRLE
SW30HRLE
SW30HRLE
SW30HRLE
SW30HRLE
SW30XLE
SW30XLE
SW30XLE
SW30XLE
SW30XLE
SEAMAXX
SEAMAXX
SEAMAXX
SEAMAXX
SEAMAXX
BW30XFR
BW30XFR
BW30XFR
BW30XFR
BW30XFR
XLE
XLE
XLE
XLE
XLE

Wetting
Methanol
Ethanol
1-Propanol
Isopropanol
1-Butanol
Methanol
Ethanol
1-Propanol
Isopropanol
1-Butanol
Methanol
Ethanol
1-Propanol
Isopropanol
1-butanol
Methanol
Ethanol
1-Propanol
Isopropanol
1-Butanol
Methanol
Ethanol
1-Propanol
Isopropanol
1-Butanol

Permeance
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
No significant change
No significant change
Increases
No significant change
No significant change
Decreases
No significant change
Increases
No significant change
No significant change
Decreases

Rejection
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Increases
Decreases
No significant change
No significant change
Increases
Increases
Decreases
Increases
No significant change
Increases
No significant change
Increases
Increases
Increases
Increases
Increases

Table H.4. Statistical analysis of the dual-sorption model fitting of the experimental data. Values in bold
indicate model fittings that are statistically different than the experimental results at a confidence interval is
90%. Values in parenthesis indicate the determination coefficient (R2) between the experimental and the
model results at the same treatment (membrane type or alcohol).

t-statistic
SW30HRLE (93%)
SW30XLE (99%)
SEAMAXX (84%)
BW30XFR (25%)
XLE (13%)

MeOH
(99%)
0.98
0.37
0.73
1.00
0.37

EtOH
(99%)
0.50
0.89
0.76
1.70
0.93

1-PrOH
(99%)
0.99
0.29
0.54
0.80
0.15
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IPA
(99%)
0.90
0.16
0.42
0.77
0.07

1-BtOH
(96%)
0.06
0.07
0.90
2.22
1.68

Appendix I:
Development of equations to relate membrane deformation with applied pressure
I.1 Membrane Linear Strain
The deflection (w) of a membrane on top of an opening follows a parabolic profile
[168]. The deflection in terms of the position along the axis parallel to the spacer opening
(x) is defined in Eq. I1.
𝑥𝑥 2

(I1)

𝑤𝑤 = 𝑤𝑤0 �1 − 4 𝑎𝑎2 �
𝑀𝑀

w0 is the maximum deflection and aM is the spacer opening size. The length of the
membrane after deformation (lf) can be calculated as the arc length of Eq. I1 along the
opening size as shown in Eq. I2. Then, the linear strain (εl) on the membrane can be
calculated using Eq. I3.
𝑎𝑎 /2
�1
𝑀𝑀 /2

𝑙𝑙𝑓𝑓 = ∫−𝑎𝑎𝑀𝑀

(I2)

𝜀𝜀𝑙𝑙 =

𝑙𝑙𝑓𝑓 −𝑎𝑎𝑀𝑀
𝑎𝑎𝑀𝑀

1

𝑑𝑑𝑑𝑑 2

+ � 𝑑𝑑𝑑𝑑 � 𝑑𝑑𝑑𝑑

= 2�

4𝑤𝑤0
�
𝑎𝑎𝑀𝑀
4𝑤𝑤0
𝑎𝑎𝑀𝑀

sinh−1 �

4𝑤𝑤

2

+ �� 𝑎𝑎 0 � + 1� − 1
𝑀𝑀

(I3)

For a thin membrane (t/w0 < 1), the hydrostatic pressure applied (ΔP), and the
stress felt by the membrane (σm = σ0 + σa) on top of a square opening (of opening size aM)
are related by Eq. I4. If we assume that the residual stress (σ0) is considerably smaller
than the stress generated by the deflection (σa, term on the right side in parentheses), then
the ratio 4w0/aM can be written as in Eq. I5.
𝑤𝑤 𝑡𝑡

𝑤𝑤 2 𝐸𝐸𝑀𝑀 (1.446−0.427𝜈𝜈𝑀𝑀 )

∆𝑃𝑃 = 13.6 𝑎𝑎02 �𝜎𝜎0 + 1.61 𝑎𝑎20
𝑀𝑀

4𝑤𝑤0
𝑎𝑎𝑀𝑀

= 1.43 �

𝑀𝑀

1−𝜈𝜈𝑀𝑀

1/3 3
1−𝜈𝜈𝑀𝑀
�
√∆𝑃𝑃
𝑡𝑡 𝐸𝐸𝑀𝑀 (1.446−0.427𝜈𝜈𝑀𝑀 )

𝑎𝑎𝑀𝑀

�
3

= 𝐾𝐾 √∆𝑃𝑃
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(I4)
(I5)

We define a “deformability” coefficient, K (bar-1/3), which pools the pressure
coefficients in Eq. I5, which allows us to substitute Eq. I5 into Eq. I3 to obtain Eq. I6, an
expression that relates the linear strain on the membrane with the applied pressure.
1

𝜀𝜀𝑙𝑙 = 2 �

3

sinh−1 �𝐾𝐾 √∆𝑃𝑃�
3

𝐾𝐾 √∆𝑃𝑃

I.2 Change in surface area

2

+ ��𝐾𝐾 √∆𝑃𝑃� + 1� − 1
3

(I6)

Upon deformation, the surface area of the membrane will increase from its initial
state (A’0). This deformation will occur primarily for the membrane sections atop spacer
openings (A’opening); therefore, the overall relative change in surface area can be
calculated using Eq. I9.
𝐴𝐴′0 = 𝐴𝐴′𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝐴𝐴′𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,0
𝐴𝐴′ = 𝐴𝐴′𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝐴𝐴′𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐴𝐴′

𝐴𝐴′0

=

𝐴𝐴′ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,0
𝐴𝐴′0

�

𝐴𝐴′ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝐴𝐴′𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,0

(I7)
(I8)
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− 1� + 1

Note that the quotient of the opening area and the total area is a characteristic of
the spacer used (typically reported by manufacturer as opening area, OA), and the
quotient of the opening size at any time and the initial value is the relative change in
active area on the opening exclusively. Since the membrane area atop an opening forms a
paraboloid upon pressurization, we can assume that the relative change in active area on
the opening is the quotient of the area of a paraboloid dish (Eq. I10) and the area of the
circular rim of that paraboloid dish (Eq. I11).
𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=
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6𝐷𝐷 2
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The radius of the circular rim (R) and the depth of the dish (D) are analogous to
half of the opening size (aM/2) and the membrane deflection (w0), respectively. Then, Eq.
I11 is transformed into Eq. I12, and by using the deformability coefficient, we can obtain
the overall relative change in membrane surface area in Eq. I13.
𝐴𝐴paraboloid
𝐴𝐴circle

𝐴𝐴′

𝐴𝐴′0

2

=3
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2 3/2
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(I13)

I.3 Structural parameter changes upon compression
The intrinsic structural parameter is defined in terms of the thickness (tm),
tortuosity (τ) and porosity (φ). If the reduction of the thickness due to compression is
linear and follows the Reduced Compressive Modulus (Er), then the change in thickness
upon compression can be estimated using Eq. I14.
∆𝑃𝑃

(I14)

𝑡𝑡𝑚𝑚 = 𝑡𝑡𝑚𝑚,0 �1 − 𝐸𝐸 �
𝑟𝑟

We define the tortuosity as the effective length (leffective) of the pores divided by
the membrane thickness (Eq. I15) and assume that this effective length is a constant (like
a spring being compressed).
𝜏𝜏 =

𝑙𝑙effective

(I15)

𝑡𝑡𝑚𝑚

The porosity is the quotient of the void volume (Vvoid) and total membrane volume
(Vtotal). By treating the membrane as a cuboid and applying conservation of mass, we can
calculate the porosity using Eq. I16.
𝑉𝑉

𝜑𝜑 = 𝑉𝑉 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

=

𝐴𝐴′ 𝑡𝑡𝑚𝑚 −𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴′ 𝑡𝑡𝑚𝑚

(I16)
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By substituting Eqs. I14, I15 and I16 into Eq. I17 for the structural parameter, we
obtain Eq. I18.
𝑆𝑆 =

𝑡𝑡𝑚𝑚 𝜏𝜏

(I17)

𝜑𝜑
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∆𝑃𝑃
𝐸𝐸𝑟𝑟

The membrane surface area can be defined in terms of the initial surface area and
the membrane surface strain (εA’) as shown in Eq. I19. The membrane surface strain can
be calculated from Eq. I13.
𝐴𝐴′ = 𝐴𝐴′0 (1 + 𝜀𝜀𝐴𝐴′ )

(I19)

Finally, substituting Eq. I19 into Eq. I18, we obtain an expression for the
structural parameter of a membrane under compression due to the transmembrane
pressure (ΔP). This expression will depend on the initial (i.e., pre-deformation) values of
structural parameter (S0) and porosity (φ0), as well as the mechanical properties of the
membrane included in the Er and the membrane surface strain.
1+𝜀𝜀𝐴𝐴′

𝑆𝑆 = 𝑆𝑆0 𝜑𝜑0 �𝜑𝜑
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�

∆𝑃𝑃
𝐸𝐸𝑟𝑟
1+𝜀𝜀 ′ ∆𝑃𝑃
𝐴𝐴 �
1−�
𝜑𝜑0+𝜀𝜀 ′ 𝐸𝐸𝑟𝑟
𝐴𝐴

1−

(I20)

Note that Eq. I20 predicts that the structural parameter can increase or decrease;
more specifically, if the compression of the membrane structure is dominant over the
stretching, then the structural parameter will increase due to reduce porosity. Using a
permeate carrier as feed spacer is likely to increase the structural parameter due to both
the compression of the membrane (reduced porosity) and the inherent higher masstransfer resistance (low porosity) of the permeate carrier.
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Appendix J:
Stress-strain curves of different samples obtained via tensile test

Figure J.1. Stress-strain curves of the tensile test specimens used to calculate tensile strength and Young’s
modulus reported in Figure 2.2.
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Figure J.2. Stress-strain curves of the tensile test specimens used to calculate tensile strength and Young’s
modulus reported in Figure 3.4b.

Figure J.3. Stress-strain curves of the tensile test specimens used to calculate tensile strength and Young’s
modulus reported in Table 3.1.
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Figure J.4. Stress-strain curves of the tensile test specimens used to calculate tensile strength of the
SEAMAXX backing-free membrane in Chapter 5.

Figure J.5. Stress-strain curves of the creep test used to prepare SEAMAXX as-received specimens with
predetermined deformation in Chapter 5.
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Figure J.6. Stress-strain curves of the creep test used to prepare SW30XLE as-received specimens with
predetermined deformation in Chapter 5.
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Figure J.7. Stress-strain curves of the tensile test of Hollytex specimens used to calculate tensile strength
and Young’s modulus reported in Figure 6.6.
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Figure J.8. Stress-strain curves of the tensile test of Reemay specimens used to calculate tensile strength
and Young’s modulus reported in Figure 6.6.

Figure J.9. Stress-strain curves of the tensile test of TYVEK specimens used to calculate tensile strength
and Young’s modulus reported in Figure 6.6. TYVEK smooth is used to report TYVEK 10G.
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